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FOREWORD
The work described herein was performed by the General Electric
Company, Nuclear Systems Programs Department under NASA Contract NAS
3-9437. Its purpose, as outlined in the contract, is to document the
creep behavior of seamless and gelded and reworked T-111 alloy tubing
under a biaxial state of stress, and to evaluate the effects of stress
on the corrosion behavior of T-111 alloy with potassium.
Mr. R. W. )Harrison, Manager, Materials Compatibility, was Program
Manager for this study. The technical investigations were directed
originally by Mr. L. B. Engel, and recently by Mr. G. P. Brandenburg.
The program was conducted for the National Aeronautics and
Space Administration under the program direction of Mr. P. L. Stone
and Mr. R. L. Davies.
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One seamless and one welded and reworked biaxial creep test capsules
of T-111 alloy tubing were tested at 2200°F for 5000 hours each in a
high-vacuum environment. The sealed capsules were half filled with liquid
potassium. The stress in the thin wall gauge sections was generated by
the potassium vapor pr-ssure generated within the ref luxing capsule.
Diametral measurements were made in the thin wall gauge sections during
the uninterrupted test and were subsequently converted to equivalent
uniaxial creep values. The creep data obtained was then compared with
the results of a standard uniaxial creep test conducted on the same
material at the same temperature, time and stress Level.. The agreement
between the biaxial creep results and the uniaxial creep results in the
1-2% creep range was found to be good and the creep results were also
found to agree with previously reported uniaxial creep data for T-111
is	
alloy.
.4.
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DETERMINATION OF BIAXIAL CREEP STRENGTH
OF T-111 TANTALUM ALLOY
T. INTRODUCTION
This report describes a program to document the creep behavior of
seamlessa and welded and reworked T-111 alloy tubing under a biaxial
state of stress, and to evaluate the effects of stress on the corrosion
behavior of T-111 alloy with potassium. Potassium refluxing capsules
of seamless.,and welded and reworked T-111 alloy tubing were tested
under conditions which resulted in one to five percent equivalent uni-
axial strain during a 5000-hour exposure. The capsule test temperature
was 2200°F. The capsule walls were reduced in the potassium liquid
region and in the vapor condensing region to provide gauge sections
where the extent of creep could be measured. The testing was done in
a manner similar to that developed under an earlier NASA contract. (1)
Harrison, R. W., "The Compatibility of Biaxially Stressed D-13 Alloy
with Refluxing Potassium," NASA CR-807, June, 1967.
Y
Il.	 EXPERIMENTAL PROCEDURE
r'
A.	 TEST CAPSULE DESIGN
'k
The design of the test capsule for this program is very similar to
i
` that used for similar biaxial creep testing of D-43 alloy under an
t
1
,
earlier NASA contract. test capsule had two 0.020 -inch -thick-
wall x 0 .200-inch-long reduced wall test sections at which creep was
measured.	 One of the test sections was located in the boiling liquid
potassium region and the other was in the condensing potassium vapor
i
region of the refluxing test capsule. Stress attenuating fillets were
used to approach the reduced wall test sections so that the test sections
can be evaluated as thin wall, infinitely long cylinders.
The design of the fillet was determined by calculating the attenu-
ation lengths for both the test section wall thickness, 0.020 inch, and
'	 f
the original or thicker capsule wall thickness, which is 0 .095 inch.
5
This is accomplished by considering the cylinders for each wall thick-
ness as "beams on an elastic foundation, ,(2) which allows the attenua-
tion wave length factor,"fl," to be expressed as:
= 4 
3(1^)
2	 (1)
.	 ^ZR
where: A = Poisson ' s ratio
t = wall thickness, inches
R = mean radius, inches.
Using µ = 0.35 for T- -111 alloy, (3) 9 can be expressed as:
= 1.2'35
JtR
With the selection of an attenuation length of Ax = 4, the shear
forces, bending moments, slopes, and deflections produced at one end
Den Hartog, J. P., Advanced Strength of Materials, p. 166, McGraw
Hill, New York (1952).
(3)Zimmerman, W. F'., "Turbine Materials-Potassium Turboalternator Program,"
NASA Contract NAS 3-10933, Nuclear Systems Programs Dept., General
Electric Company, larch (1965).
3	
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of the attenuation interval, x, will have been attenuated to 0.2 to
-2.6 percent of their maximum values (for constant wall thickness) at
the opposite end A the interval. This percent attenuation is con-
sidered adequate for the biaxial creep tests being conducted. The
required attenuation length can then be determined by using:
x =	 ( )
where, R. - 4
which gives
I
X = 4~- 4 AR = 3.1403 AR	 (4)1.2738
F
For the thin-wall test section where t = 0.020 inch and R = 0.665 inch,
x = 0.362 inch. For the thicker capsule . wall where t = 0.095 inch and
R = 0.7025 inch, x = 0.811 inch. Therefore, an elliptical contour was
selected to reduce the wall thickness from 0.095 inch to 0.020 inch
with a semimajor axis, a, > 0.811 inch, say a = 1.100 inch, and a semi-
minor axis, b, = 0.095 - 0.020 = 0.075 inch. The design of the elliptical
contour is shown in Figure 1.
F
	
	
The 0.200-inch length of the thin-wall test section was selected
to give sufficient length to the test section for locating the probes
which measure the capsule diameter during testing, and yet be short
enough to assure that maximum creep will occur during testing in the
region where the probes are located.
The design of the test capsule was further analyzed to determine
r	 how closely the stresses in the test section resemble those which would
be predicted for an infinitely long, thin-walled cylinder. The design
model used for this evaluation is shown in Figure 2. This model was
analyzed using a multishell computer program (4) which yields the equiv-
alent uniaxial inner and outer surface stresses and elastic deflections
at zero time in the creep test. The model was considered as 19 shells
i
	 with computations being made for 19 positions within each shell. The
(4) Ueitch, L., Cook, W., and Holt, R., if 	 Program for Analysis
of Structures Made Up of Shells of Revolution (Multi Shell II),"
General Electric Company, AEG, Report No. R59FPD889, February 29(1960).
w
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Figure 2. Design of Elliptical Contoured Stress Attenuating Fillets for T-111 Alloy
Biaxial Creep Test Capsule
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Figure 2. Designs Model Used for Stress Analysis of T-111 Alloy Biaxial Creep
Test Capsule.
J
model was analyzed at 2127, 2220, and 2300°F which are in the temperature
range where the actual testing is expected to be performed. The equiv-
alent uniaxial outer surface stresses in the design model for the three
temperatures of interest, and as predicted by the multishell analysis,
are shown in Figure 3. A comparison of the inner and outer surface
stresses in the model at 2300°F is shown in Figure 4 and is typical of
the two lower temperatures. A more detai l ed plot of the test section
inner and outer surface stresses predicted by the multishell program
for the three temperatures and how they compare with the respective
stresses predicted for an infinitely long, thin-wall cylinder are shown
in Figures 5, 6, and 7. It can be seen that the stresses in the test
section which are predicted by the multishell analysis are generally
higher than those predicted for infinitely long, thin-wall cylinders,
and the deviation becomes greater as the temperature is increased. Also,
the deviation between the inner and outer surface stresses increases as
the temperature increases. A quantitative tabulation of these deviations
for the maximum differences is given in Table I.
	
Although the max;mum
deviations of the stresses predicted by the multishell analysis from
those for a thin-wall, infinitely long cylinder increase as temperature
increases, the percentage change remains essentially constant at approxi-
mately one percent. Also, the maximum variations between the inner and
outer surface stresses predicted by the multishell analysis are of
almost the same magnitude as the respective deviations between the multi- 	 K
shell analysis and the thin-wall, infinitely long cylinder analysis.
z
Since a longer test section would be expected to improve the correla-
tion between the multishell analysis and the thin-wall, infinitely long
cylinder analysis, a second model was analyzed with the multishell program
to determine the amount of improvement in correlation which might be
obtained. A test section length of 0.5 inch was evaluated at 2300°F,
and a detailed plot of the stresses in the test section is shown in
Figure 8. The maximum deviations for the test section are tabulated in
Table I.	 Although the maximum deviation from a thin-wall cylinder is
reduced to approximately 0.5 percent, this small reduction is not con-
sidered worth the problems which are generated in manufacturing the
longs_ test section and also in confidently predicting where maximum
creep will occur in the test section. The 0.200-inch-long test section
b
r.
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Figure 3. Equivalent Uniaicial Outer Surface Stresses in the Design Model of the T-111 Alloy Biaxial Creep
Test Capsule, as Predicted by the Ifulti—Shell Analysis for Three Test Temperatures.
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TABLE I
DEVIATIONS OF STRESSES IN 0.020-INCH-THICK T-111 ALLOY
BIAXIAL CREEP CAPSULE TEST SECTION
Maximum Spread
Maximum Deviation Between Inner &
of Multishell Outer Surface
Test Stress for Analysis Stresses Stresses Predicted
Section Thin Wall from Thin-Wall. by Mul.tishell
Length	 Temp. Cylinder Cylinder Stress ,imalysis
Inch	 °F Rsi nsi
	 % _	 psi
0.200 2127 6203 +64 +1.03 61
0.200 2220 7825 +82 +1.05 77
0.200 2300 9445 +99 +1.04 96
0.500 2300 9445 +4+3 +0.49 50
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was therefore selected for the final design of the sections in the
capsule as shown in Figure 9. The overall design of the test capsule
is shown in Figure 10. Thermocouple wells were located in the ends of
the test capsule extending into the test section region and were used
to measure the temperature of the test sections during creep testing.
A pressure transducer was also attached to the test capsule to determine
the potassium pressure within the capsule during testing. A boiling
nucleator was attached to the capsule which could be used to control
the initial boiling of the potassium within the capsule and therefore
prevent possible damage to the capsule or test facility from vibration
from unstable boiling during capsule heating to test conditions.
To determine the anticipated accuracy of the creep data which was
to be obtained from the biaxial creep tests utilizing this design, and
uniaxial creep tests, to be described later, an error analysis was
performed. This analysis allowed a more realistic evaluation of any
observed differences between the uniaxial and biaxial creep properties
of the T-111 alloy. A discussion of this error analysis is presented
in the appendix.
B. MATERIALS PROCMIEMENT
The two 2.0-inch-OD x 0.250-inch-wall x 21.5-inch-long T-111 alloy
tube shells which were used to produce the test capsule tubing were
produced for Superior Tube Company, Norristown, Pennsylvania, by Norton
Company, Metals Division, Newton, Mass. The tube shells were produced
from one heat of material (Heat No. 7810) and their processing history
is shown in Figure 11. Both ingot and tube shell chemical analyses
results presented in Table II were within GE NSP Specification 01-0035-
00-D, "Seamless Tubing and Pipe/T-111 (Ta-8W-2Hf) Alloy." Metallographic
examination and microhardness measurements were performed to delineate
the general microstructure, grain size, and hardness of the tube shells.
Similar recrystallized microstructures and grain sizes were observed
in both tube shells in both the transverse and longitudinal directions
as shown in Figure 12 and Table III, respectively. Lower hardnesses
were observed in the longitudinal direction as presented in Table III.
The two tube swells passed ultrasonic inspection at Automation Industries,
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01290-5
16
hF. d • 2	 .^ ^ .. ♦ 	 .Cry'+	 •s 'L. '.R .. Ee .• ^ w	 1j/
Pressed and Sintered
T-111 Alloy
Electrode
Double Arc ?Melted
to 7.0" Dia. Ingot
Machined to 6.0"
Diameter Billet
Given Proprietary
Coating and Extruded
to 2" Dia. Rod,
89% Reduction in Area
Vacuum Annealed
at 30000F for
One Hour at a
Pressure of
<1 x 10-5 Corr
Machined to
2-0" OD x 0.250"
Wall x 21.5" long
Tube Shell (Two Produced)
Figure 11. Processing History of T-111 Alloy Tube Shells Manufactured
by Norton Company, Metals Division for Superior Tube Company.
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SPPS Specification No. 01-0035-00-D
Requirements
2.0-Inch OD x 0.250-Inch Wall. By
21.5-Inch Long Seamless Tube Shell
2.0-Inch OD x 0.250-Inch Wall By
21.5-inch Long Welded Tube Shell
1.5-Inch OD x 0.100-Inch Wall By
48-Inch Long Welded & Reworked Tube
1.5-Inch OD x 0.100-Inch Wall By
48-Inch Long Seamless Tube
Ingot, Prior to Primary Breakdown
Sample Location
Ingot
Final Product
Top, Outside Surface
Top, Mid-radius
Top, Center
Bottom, Center
Total Wall
Weld Nugget
Total Wall,
Away From Weld
I
Total Wall
(a)Average of two analyses.
TABLE II. CHEMICAL ANALYSIS OF T--1I1 '
Assayer
0 N H
100 50 10
Max. Max. Max.
150 75 10
Max. max. Max,
I
Norton Company 8 26 <0.5
Norton Company 13 21 `®s 0.9
Norton Company 17 26 1.2
Norton Company 14 23 <0.6
GE -- SPPS 13 (a) 17 (a) 1(a
GE — SPPS 9 (a) 7 (a) 4 (a
GE — SPPS 7 (a) 8(a) <,(a
Superior Tube Company
GE — SPPS
45
5 (a)
22
16 (a)
3
< l (a
F04p0U'C. ERP^E
s	 .
• ^	 -	 -- : i	 ' .'-. ^	 :	 - u	
.. ^ , r^ ..'. =K- ,s
 ^'t^ 24rw?".^ :^ 'n'. ..!'^ ^^",.r_. . # :E d i^'it^Y ma x_ :^l 
^.	 :.l-^^'^ ^ ^	 -
S OF T-111 ALLOY (HEAT NO. 7810) FOR TEST CAPSULES
PPS g;
N H C Cb Zr Mo Cr Co	 Fe V Si Mn W Nf
50 10 40 1000 1000 1000 200 50	 50 20
Max. Max. Max. Max. Max. Max. Max. Max.	 Max. Max. --- --- 7.0-9.0 1.8-2.4
75 10 50 1000 1000 1000 200 50	 50 20
Max. Max.. ,Max. Max. Max. Max. Max. Max.	 Max. Max. 7.0-9.0 1.8-2.4
26 <0.5 17 50 300 10 <1 10	 10 <1 7.65 1.86
21 < 0.9 24 30 300 15 < 1 12.5	 5 <1 7.72 1.90
26 1.2 16 30 400 10 < 1 10	 2.5 <1 7.65 2.12
23 <0.6 28 40 300 < 10 < 1 10	 12 <1 7.32 ---
17 (a) 1(a) 51(a)
7 (a) 4(a) 39
8 (a) <1 0) 46
22
16 (a)
3
<1 (a)
27
57 (a) 150 550 --- <10 < 5	 40 <10 35 <10 7.94 2.14
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TABLE I I I
GRAIN SIZE AND MICROHARMESS DATA FOR T-111 ALLOY
TUBE SHELLS AND FINISHED TUBES
Knoop
ASTM Grain Microhardness
Sample	 Location	 Size No. (a)	 No. (b)
2.0-Inch-OD x 0.250-Inch-
Wall Seamless Tube Shell
	 Transverse	 5.0
	
250
Longitudinal	 4.5	 239
2.0-Inch-0D x 0.250-Inch-	 Away from Weld
Wall Welded Tube Shell Transverse 5.5 260
Away from Weld
Longitudinal 5.5 246
Center of Weld
Transverse (c) 264
Heat-Affected Zone
Transverse 4.5 280
1.5-Inch-OD x 0.100-inch- Away from Weld
Wall Welded, Reworked, Transverse 6.0 257
and Annealed Tubing Away from Weld
Longitudinal 6.5 253
Center of Weld
Transverse 5.0 255
Heat-Affected Zone
Transverse 6.0 248
1.5-Inch-OD x 0.100-inch-
Wall Seamless Tubing Transverse 6.0 253
Longitudinal 6.0 252
(a) Determined by Heyn Intercept Procedure
(b) 500 g. Load
(c) Not Determined
i
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Columbus, Ohio, in accordance with GE-NSP Specification 03--0001-00-C,
if
	
Method of Inspection," using the 3 percent notch criteria.
Subsequently, an electron beam weld pass was made along the entire
length of one of the seamless 2.0-inch-OD x 0.250-inch-wall tube shells
at the General Electric Company, Aircraft Engine Group, Evendale, Ohio.
Prior to actual welding of the T-111 alloy tube shell, trial welds were
made on a 0.250-inch-thick unalloyed Ta plate to establish the necessary
electron beam welding parameters to obtain complete penetration of the
tube shell wall and to minimize the amount of weld drop-through on the
ID surface.
The actual weld in the T-111 alloy tube shell was accomplished
with two passes. The first pass gave the desired penetration; the
second pass was performed at a lower power level to improve the rough
OD surface resulting from the first weld pass. The pertinent weld
parameter data on both weld passes is given in Table I 7r . Interstitial
element analyses of the weld nugget, presented in Table II, indicated
no major changes in concentration of O, N, H, or C resulting from weld-
ing. The changes in microstructure, grain size, and hardness resulting
from welding the tube shell are shown in Figure 13 and Table III. Weld
	 ±
drop-through up to 0.125-inch thick was observed on the ID surface after
welding, and a 0.062--inch bow in the center of the welded tube shell
also was observed. The weld drop-through on the ID of the welded tube,
shell was removed by localized hand grinding.
The two 2.0-inch-OD x 0.250-inch-wall x 21.5-tech-long T-111 alloy	 A
e
tube shells were shipped to Detroit Diameters, Southfield, Michigan, 	 z
°r
for ID honing. The ID surface of the seamless tube shell was readily
honed to a 4-rms surface finish. Honing of the welded tube shell re-
1{
vealed an ID defect adjacent to the weld and running the entire length
of the tube shell. Honing was stopped, and the tube shell was ultra- 	 .
sonically inspected at Automation Industries, Columbus, Ohio, to deter-
mine the maximum depth of the defect. The ultrasonic inspection re-
vealed the maximum depth to be approximately 0.010 inch, and the tube
shell was returned to Detroit Diameters for additional honing to remove
a minimum of 0.015 inch on the ID radius.
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TABLE IV
ELECTRON BEAM WELDING DATA FOR T -111 ALLOY TUBE SHELL (a)
Parameter	 First Pass	 Second Pass
Voltage	 140 kv	 115 kv
Beam Current	 38 ma	 25 ma
Focus	 4.73 ma	 4.60 ma
Focus Current Dial Setting	 +57	 +100
Beam Length	 34 in.	 34 in.
Welding Speed	 12 in./min	 10 in./min
(a) 1. Tube shell pickled in 507o HNO
3
 + 12 . 5% H SO4 + 12.57o Hf + 25% H2O
solution, thoroughly rinsed with H 0 9 anj subsequently wiped
with methyl ethyl ketone prior to welding.
Z. Welding performed with Hamilton Standard Electron Beam Welder.,
Serial No. 220, with 150 kv, and 6 kw maximum ratings and
R-40 style triode gun.
i
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The second honing of the 2.0-inch-OD x 0.250-inch-wall x 21.5-inch-
long T-111 alloy welded tube shell removed all but two small visible ID
defects. Subsequent ultrasonic inspection of the tube shell at Automation
Industries, Inc., in accordance with GE--NSP Specification 03-0001-00-C,
it
	 Method of Inspection," using the 3 percent notch criteria,
revealed no rejectable defects. The two ID defects which were observed
visually were detected during the ultrasonic inspection but were con- 	 s
siderably smaller than the rejectable limit.
Both the welded and seamless T-111 alloy tube shells, Figure 14,
were returned to Superior Tube Company for final processing to 1.5-inch-
OD x 0.100-inch-wall tubing. The processing history of the two tube
shells to finished tubing at Superior Tube Company is shown in Figure
15. No problems were encountered in the production of the seamless tube.
Following the first reduction of the welded tube shell, random OD
cracks were observed in the heat-affected zone of the weld. Although
an effort to remove the OD cracks by grinding was unsuccessful, the
welded tube was given an intermediate anneal and subsequently processed
to the finished tubing size. Cracks were observed in the finished welded
Y
and reworked tube and are presently believed to be the original cracks
from the first reduction which were not removed during OD grinding.
Both the seamless and welded and reworked finished tubes were given a 	 1
final vacuum anneal for one hour at 3000°F.
The 1.5-inch-OD x 0.100-inch-thick-wall x 48-inch-long welded and
reworked T-111 alloy tube produced by Superior Tube Company was then
returned to GE-NSP. The previously reported cracks in the T-111 alloy 	 V.
tube were visually examined on the OD and found to be randomly distrib-
uted along the length of the tube. The cracks appear as short trans- ,
verse tears on the OD and are located only in the heat-affected zone 	 !
adjacent to the weld as shown in Figure 16. No cracks were noted in
the actual weld area.
The welded and reworked T-111 alloy tube was ultrasonically in- 	 1
spected at Automation Industries, Inc., in an effort to locate and 	 A
determine the approximate sizes of all of the defects present in the
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Figure 14. 2.0-Inch OD x 0.250-Inch Thick Wall x 21.5-Inches Long T-111 Alloy Tube Shells Prior
to Returning to Superior Tube Company for Reducing to Finished 1.5-Inch OD x 0.100--
Inch Thick Wall T-111 Alloy Tubing. (Orig. 067120715)
T-111 Alloy	 T-111 PIloy
Seamless	 Welded
Tube Shell
	
Tube S2-.-ell
2.0-Inch OD x	 2.0-Inch OD x
0.250-Inch wall	 0.250-Inch Wall
Cross Sectional Area
Reduced 37%
Cracks Observed
On OD In Heat
Affected Zone
Of Welded Tube
OD Grinding
Unsuccessful
In Removing
All of Cracks
In-Process Recrystallization
Anneal., 10 Min. at 30000F
In Vacuum
Cross Sectional Area
Reduced. 52%
Final Vacuum Anneal
One Houg at 3000OF
In 5x1Q Torr Vacuum
Figure 15. Processing History of T-111 Alloy Tube Shells at Superior Tube
Company to 1.5-Inch OD x 0.100-Inch Thick Pall Tubing.
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Figure 16. Transverse Cracks in the Heat Affected Zone Adjacent to the Weld
on the OD of the 1.5-Inch OD x 0.100-Inch Thick jdall Welded and
Reworked T-111 Allov Tube. (Orig. C68011533)(Orig. C68011534)
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.'^	 tube, especially those which could not be observed visually. To per-
	
.;	 frQfn the inspection, the tube had to be sectioned iato two equal lengths,
and the rsults of the inspection for the two halves are shown in Figure
2 7. The two halves of the welded and reworked tube now to be referred
to as tube A and tube B, were first inspected using an axial shear wave
technique and "C" scan recording. All indicated defects that exceeded
a calibrated 3 percent notch standard (0.003-inch deep for 0.100--inch-
	;s.	
wall tubing) were recorded.
Numerous defect indications in the heat-affected zone were detected
in the first 8.5 inches of tube A, and four large cracks were detected
in the remainder of the tube. A borescope examination of the ID revealed
that the four defects penetrated the entire wall. Because of t ne large
number of defects and the extensive size of a few of the defects, further
ultrasonic inspection of tube A was deferred. Only four defect indica-
tions in the heat-affected zone were detected in the first 20 inches of
r
tube B with the axial shear wave technique; numerous defect indications
were recorded in the last 3 inches of tube B.
Tube B was ultrasonically inspected in more detail utilizing circum-
ferential shear wave techniques, with defect indications being compared
against a calibrated 3 percent notch standard which was set at 80 percent
of full-scale amplitude. Only one ID defect indication of 80 percent
amplitude was recorded 0.75 inch from one end of tube B and was easily
removed. Thirteen other ID defect indications were detected with their
amplitudes ranging from 30 to 40 percent. These amplitudes indicated
the depths of the defects to Ile approximately 0.002 inch. In an effort
	 1
to utilize the welded and reworked T-111 alloy tube in the test program,
it was planned to have approximately 0.005 inch removed from the ID
surface and ultrasonically reinspect the tube prior to actual capsule
machining. The four OD defect indications reported for tube B were
located such that they could be removed prior to capsule machining with
	
j.	 no serious effects. It was planned to remove the ID defects prior to
machining such that two capsules could be machined. As will be discussed
later however, only one capsule was machined from the welded and reworked
T-111 alloy tube B.
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(1) Axial Shear Wave "C" Scan at 5 MHz. Defects Noted Exceed an Indication Produce by a 3% Notch in a Test Standard of the Same
Material, Diameter and Hall Thickness.
(2) Circumferential Shear Wave at 10 MHz. Defects are Noted in Percent Amplitude. The Amplitude From a 3% Notch in a Test
Standard of the Same Material, Diameter and Mall Thickness was Preset at 80%.
Figure 17. Ultrasonic Inspection Results for 1.5-Inch OD x 0.100-Inch Thick Mall x 48-Inch Long
Welded and Reworked T-111 Allov Tune. The Tuhe was Sectioned into Two Pieces, A and B,
to %".omplete the Inspection. (Orig. C68013199) (Orig. 068013198)
The microstructure of the welded and reworked T-111 alloy tube in
the region of the weld and a crack is shown in Figure 18. The general
microstructure of the parent metal in this tube away from the weld is
shown in Figure 19. The tubing has a finer grain size than the tube
shell as shown in Table III. No significant changes were found in the
O,N,H, and C concentrations of the tubing resulting from the processing
of the tube shell as can be seen in the chemical analysis results pre-
rented in Table II.
Ultrasonic inspection of the seamless 1.5-inch-OD x 0.100-inch-thick-
wall x 48-inch-Long T-111 alloy tube at Automation Industries, Inc., in
accordance with GE-NSP Specification 03-0001-00-C, "Ultrasonic Method of
Inspection,' using the 3 percent notch criteria, revealed no rejectable
defects.
The general microstructure of the finished seamless T-111 alloy
tube is shown in Figure 20. The grain size, microhardness, and inter-
stitial element chemical analysis results for the seamless tubing,
shown in Tables II and III, are similar to those previously described
for the welded[ and reworked tubing (away from the weld area). The
chemical analysis results for metallic elements in the seamless tubing
are also presented in Table II.
C. POTASSIUM PRESSURE TRANSDUCER
1. Design
The design of the potassium pressure transducer to be used for
measuring the potassium pressure within each capsule during testing
is very similar to the design of the pressure transducer used by the
': i
U.S. Naval Research Laboratory (5) to determine the vapor pressure of
potassium as a function of temperature.
.f
The pressu -: transducer design is shown in Figure 21. A schematic
of the pressure system used with the pressure transducer is shown in
(5)Ewing, C. T., Stone, J. P., Span, J. R., Steinkuller, E. W.,
Williams, D. D., and Biller, R. R., "High-Temperature Properties .
of Potassium," September 24, 1965, NRL Report 6233, U. S. Naval
Research Laboratory.
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Cb-1Zr ALLOY BODY
M®-TZM ALLOY SCREWS (4) --,	 Cb-1 Zr TO Al 203 BRAZE JOINT
T-111 ALLOY POTASSIUMW-25Re ALLOY LOCKING SPRING	 PRESSURE TUBE
ACCESS PORT
Cb--1Zr TO SS
BIMETALLIC JOINT
CONTACT TERMINAL
TERMINAL ASSEMBLY
INSULATED LEAD VVIRE	 CLAMPING RINGI /
TERMINAL MOUNT
w
1Z
	 SS ARGON
PRESSURE TUBE
Cb-1Zr TO T-111 ALLOY WELD
DIAPHRAGM ASSEMBLY`
Al203 INSULATOR
C!290-4
Figure 21. Design of T-111 Alloy Biaxial Creep Capsule Pressure Transducer.
Figure 22. The pressure transducer works on a manual null-balance
principle with high-purity argon gas pressure being applied to one
side of the transducer diaphragm and opposing the vapor pressure of
the potassium which exerts a force on the opposite side of the pressure
transducer diaphragm. By presetting the terminal in contact with the
diaphragm such that when the pressure on one side of the diaphragm is
in balance with the opposing pressure on the other side of the diaphragm,
the contact is slightly open. This open circuit can be used to indicate
when the argon pressure just equals the potassium vapor pressure in the
test capsule. Measurement of the argon pressure with an accurate pres-
sure gauge is a direct indication of the potassium vapor pressure on the
opposing side of the diaphragm and, therefore, within the test capsule.
The argon gas pressure is controlled with two Hoke needle valves 	 i
(Model TY445), one to allow argon to enter the system, and the second
to allow argon to bleed off into a vacuum. The total volume of the
gas system is increased by adding a one-liter pressure cylinder in
order to provide greater control in making small manual pressure
adjustments.
k
2. Fabrication
Machining of the pressure transducer components was done at
Precision Mechanics, Inc., Newton, Ohio, and the components are shown
in Figure 23 prior to assembly. The contact terminal assembly and Al2O3
insulator were brazed together. The Cb--lZr alloy diaphragm center
support was attached to the Cb-lZr alloy diaphragm by electron
beam welding. The Cb-lZr alloy diaphragm and center support assem-
blies were then electron beam welded to the Cb--1Zr alloy transducer
body as shown in Figure 24. The welded assembly passed leak checking in
accordance with GE NSP Specification 03-0013--00-8, "Mass Spectrometric
Leak Detection Using Helium." The diaphragm was flexed several times
during the leak checking to assure that no leaks would develop upon
flexing. welding of the T-111 alloy potassium pressure tube and the
Cb-lZr alloy transducer center and lower body sections as shown in
Figure 25 was done using TIG welding techniques. The assembly was
placed in a tantalum can and postweld annealed for one hour at 2200°F
with the pressure being maintained at less than 2 x 10 -5 torr. The
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rPressure Transducer
0 Pressure
Gauge	 Resistance
Mr, ter
I
Capsule
Vacuum
Chamber
1. Argon Regulator - Thermco Model 3504-600 all SS.
2. Valve, Bellows Seal (4) - Hoke Model Ty445
3. Pressure Gauge - Bourdon Tube Type, 500 psia
Range, 0.1% Accy.
4. Pressure Cylinder - Hoke Model 8HD 1000 9 1
Liter Volume
5. Metal/Ceramic Seal Unit - GE No. 47B1i6805G1
Mechanical Vacuum Pump
Figure 22., New Schematic of Pressure System to be Utilized with T-111 Alloy Biaxial
Creep Capsule Pressure Transducer.
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Figure 23. Components for Potassium Pressure 'transducer Prior to Assembly.
(AS 908)
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Figure 24. Cb--1Zr Allov Diaphragm and Center Support Assembl y
 and CbT-IZ,r AlloyTransducer Bodv After Electron Beam Welding. (Orig. C6$011525)
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Figure 25. Potassium Pressure Transducer Following Welding of the T-111
Alloy Potassium Pressure Tube and Cb-17r Alloy Body Sections.
(Orig. C680131100)
heat-treated assembly passed helium leak checking in accordance with
GE-NSP Specification 03-0013-00-8. The transducer was then prepared
for pressure sensitivity measuren.ents following the installation of
the contact terminal and Al 203
 insulator as shown in Figure 26.
The object of the preliminary sensitivity measurements was to
determine the minimum pressure differential needed to cause consistent
separation of the diaphragm and terminal contact. This preliminary
test was conducted prior to the final welding of the Cb-lZr alloy upper
transducer body so that if any basic design modifications were necessary,
they could be performed with a minimum of difficulty. A more complete
calibration of the transducer was performed after final assembly and
	
,:.	 prior to welding to the test capsule. The system utilized for the
'9i
`1	 preliminary pressure sensitivity measurements made on the transducer
is shown schematically in Figure 27.
Because of the early stage of assembly of the pressure transducer,
only the pressure on one side (potassium side) of the diaphragm could
be regulated. Argon gas was used to increase the pressure above atmos-
pheric, and a mechanical pump was used to reduce the pressure. The
	 }
pressure differential necessary to open the transducer contact (the
	 :k^
s
sensitivity) was measured with a manometer, and the opening and closing'
of the transducer contact was detected with an ohmmeter.
Initial tests indicated the transducer contact could be adjusted so;,
that an average pressure differential of 0.006 psi would consistently :f
cause separation of the diaphragm and terminal contact. Additional tests
were performed to determine the effects of larger pressure differentials
on the sensitivity of the transducer.
The transducer diaphragm was pressurized with argon to produce a
	 1
90-pei. pressure differential. Subsequent measurements after the pressurer
was again balanced across the diaphragm indicated the sensitivity had
	 t
changed to approximately 0.07 psi. Reversing the pressure on the diaphragm
	
'•.t;
	 by evacuation with the mechanical pump to create a 10-psi pressure dif -
ferential returned the sensitivity to 0.005 	 L
	
^.,.	 	 psi. As a result of the
observed changes in sensitivity, the transducer contact was adjusted
for operation with a sensitivity of 0.10 psi. This sensitivity is
f-
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Figure 26. Potassium Pressure Transducer Following First Stage of Assemblv
and Prior to Pressure Sensitivit y Measurements. (Orig. C68020616)
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Argon Supply
Figure 27. Schematic of System Used to Conduct Preliminary Pressure
Sensitivity Measurements on Potassium Pressure Transducer.
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considered to be more Lhan satisfactory since the minimum readable
pressure on the actual capsule pressure system is 0.250 psi.
Final welding of the Cb-1Zr alloy upper transducer body completed
the fabrication of the pressure transducer and the completed transducer
is shown in Figure 28.
3. Calibration
The final calibration of the potassium pressure transducer was
accomplished by applying an argon gas- pressure to the potassium side
of the transducer to simulate the potassium vapor pressure. This
pressure was determined with a previously calibrated standard pressure
system, shown in Figure 29. The pressure system which was used during
the actual test operation was then used to determine the argon pressure
applied to the potassium side of the transducer using the appar=itus
shown in Figure 30. The capsule was contained in an evacuated M weld
tank and heated with a sheathed resistance heater shown in Figure 31
during the calibration at elevated temperatures. The temperature of
the transducer was measured with Pt/Pt - 10 RJi thermocouples attached
to the transducer body. The transducer was insulated with tantalum
heat shields as shown in Figure 32. The calibration was performed at
room temperature, 450 °F, 600°F, and 800°F at pressures in the range
from 0 to 400 psia. The results of the calibration are shown in Table
V. Excellent performance of the transducer was observed. At various
times during the calibration, the diaphragm was over-pressured by as
much as 100 psi with no detrimental effects on the transducer's operation
or accuracy. The very small random errors observed are not attributed
to the sensitivity of the transducer but are a result of the inability
to accurately adjust the pressure to obtain an exact null point. In
any case, the accuracy of the transducer is considered good, and since
the transducer is a direct reading instrument at all temperatures and
pressures, no calibration corrections are needed.
D. TEST CAPSULE FABRICATION
I. Seamless T-111 Alloy Tube
Machining of the T-111 alloy test capsules was performed by Delta
Tool, Inc., Warren, Michigan. A Type 304 SS test capsule containing
t
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Figure 28. The Potassium Pressure Transducer to he Used on the Seamless
T-111 Alloy Capsule. (Orig. C68073103)
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Figure 29. The System Used to Directly Measure Argon Gas Pressure on
Potassium Side of Biaxial Creep C g psule Pressure Transducer
During Calibration (Orig. C68081306).
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Figure 30. Instrumentation for the Calibration of the Potassium Pressure
Transducer (Standard Pressure System Not Shown)(Orig. C68081307).
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Figure 31. The Potassium Pressure Transducer	 Figure 32. The Potassium Pressure Transducer
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TABLE V
CALIBRATION DATA FOR THE POTASSIUM PRESSURE TRANSDUCER-
T-111 ALLOY BIAXIAL CREEP CAPSULE TEST
Transducer Standard Reference Transducer
Temperature Pressure, psia Pressure(a), psis Error psia
RT 25.1 2603 + 1.2
104.0 104.5 + 0.5
172.0 172.8 + 0.8
200.0 201.2 + 1.2
254.0 254.2 + 0.2
300.0 300.6 + 0.6
350.5 350.6 -t- 0.1
398.0 398.5 + 0.5
304.0 303.2 -- 0.8
249.5 249.5 0.0
197.5 197.8 + 0.3
149.0 149.0 0.0
98.7 98.3 -a 0.4
52.5 52.6 + 0.1
450°F 100.5 100.3 - 0.2
200.5 200.5 0.0
300.5 300.6 + 0.1
350.0 350.3 + 0.3
600°x' 109.5 108.8 - 0.7
199.5 199.2 - 0.3
300.5 299.7 - 0.8
349.0 349.0 0.0
800°F 100.3 100.3 0.0
199.5 199.2 - 0.3
300.0 300.0 0.0
349.5 349.8 + 0.3
(a) Determined with transducer pressure system.
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one reduced wall section was machined and measured to assure the di-
mensional accuracy of the machine setup.
	 Subsequently, four T-111
alloy special uniaxial creep test specimens, which are described in
detail later in this report were machined to evaluate the actual Machin-
ing techniques used on the T-111 alloy while using a minimum of Material.
Two T-111 alloy test capsules were then machined from the seamless tube,
and one of the machined capsules is shown in Figure 33.
Pretest dimensioning of the seamless test capsules, to accurately
ascertain the dimensions of the capsules in the gauge section area,
E was performed.	 Since all of the necessary measurements, in parLicular
internal measurements, cannot be obtained after welding and postweld
annealing of the capsules, the measurements were made at this time.
R
q Prior to testing of the capsule, a portion of the dimensions were re-
checked to assure that no serious distortion of the gauge sections
occurred during either the welding, postweld annealing, or filling,
and sealing of the capsule.
Assembly of one of the test capsules, Figure 34, began initially by
welding together the boiling nucleator, liquid zone thermocouple well,
and capsule bottom.
	 The condensing zone thermocouple well was welded to
V!	 ,
y
the to	 ca	 All welding wasp	 p.	 	 performed in accordance with GE-NSP
Specification 03-0025-00, "Welding of Columbium, Tantalum, and Their
Alloys by the Inert--Gas Tungsten Are Process."
	 The capsule and top cap
.A
assembly were wrapped with two layers of Cb-lZr alloy foil and postweld
r^ annealed in vacuum at 2400
o
 F for one hour.
	 The vacuum furnace used for
the annealing was previously qualified by annealing a 0.040-inch-thick `y
T-111 alloy coupon wrapped with two layers of Cb--1Zr alloy foil and a,
r' similar unwrapped coupon for one hour at 2400°F.
	 Chemical analysis of
the coupons for oxygen, nitrogen, hydrogen, and carbon, as shown in
^l
Table VI, revealed no significant contamination in the wrapped coupon
and very slight contamination in the unwrapped coupon.
	 In both cases,
the concentration changes were within the limits required in GE-NSP ti
Specification 03-0037-00-A, "Postweld Vacuum Annealing of Cb-lZr and
T-111 (Ta-8W-Mf ) Alloys."	 During the postweld annealing of the capsule
assemblies	 a 0.020-inch-thick T-111 all oy coupon which had been wrapped^	 Y	
53
t
f ^	 .
10"
i
t
Reduced
Wa l l
Gage
Section
I
Figure 33.	 Biaxial Creep Test Capsule Made From T-111 Alloy
Seamless Tubing. (Orig. C6807119171)
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Figure 34. Seamless T-111 Allov Biaxial Creep Test Capsule Prior to
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TABLE VI
CHEMICAL ANALYSIS OF T-11.1 ALLOY COUPONS USED IN QUALIFICATION
OF THE VACUUM FURNACE USED FOR POSTWELD ANNEALING (a) OF
SEAMLESS T-111 ALLOY BIAXIAL CREEP TEST CAPSULE
Average Change in
Concentration, p,r m _	 Concentration, ppm
Specimen 0 N H C 0	 N	 H	 C
Maximum Change inhemical
Analysis Allowed^ b) - - - - +15	 +15	 +2	 +15
0.040 to Thick Qualification
Coupon before Annealing 59,61 4, 7	 C 1,1 20 -	 -	 --	 --
0.040 o{ Thick Qualification
Coupon after Annealing'
+27(d)	 +1	 +1	 -1Unwrapped 85,89 7,7 1,2 19
0.040" Thick Qualification
Coupon	 fter Annealing,
Wrapped c) 54156 7,5	 < 1,1 12 --5	 0	 0	 -8
0,020" Thick Coupon before
Annealing 55,50 8,12 1,2 71,63 -	 -	 -	 -
0.020" Thick Coupon
(c)Wrapped with Capsule,
after Annealing	 50,53	 16,20	 212	 52150	 --1	 +8	 0	 -16
(a) All anneals done at 2400°F for one hour.
(b) GE-NSP Specification 03-037-00-A, "Postweld Vacuum Annealing of Ch-IZr and T-111 (Ta-8W-2Hf)
Alloys" (11-26-65).
(c) Wrapped with two layers of Cb-1Zr alloy foil.
(d) Specification allows for ± 30 ppm limits in oxygen analyses.
with the capsule was annealed and subsequently analj­,ed for oxygen,
nitrogen, hydrogen, and carbon as a further check for possible contami-
nation. The results of this analysis given in Table VI also showed no
contamination.
Following postweld annealing, the pressure transducer was welded
to the capsule top. This weld could not be postweld annealed since the
melting point of the braze alloy used in the transducer was less than
2400°F. The capsule, Biaxial Creep Capsule I, is shown in Figure 35
prior to filling with potassium. The second capsule machined from the
seamless T-111 alloy tube was not needed as a back--up for the first
capsule and has been saved for possible later use.
2. Welded and Reworked T-111 Alloy Tube
tr
As a result of the cracking and lack of straightness in the finished,
welded, and reworked T-111 alloy tube, there was only sufficient material
to make one test capsule from this tube. Manufacture of a second capsule
a from the welded and reworked T-111 alloy tube would have required signi-
^3
fic ant reductions of the capsule's dimensional tolerance q
 on stra.ghtness.
Ultrasonic inspection of the portion of tubing selected for the
t,
;£	 capsule after honing and prior to OD machining indicated one small
n	 defect near the 1D of the tube and 1.5 inches inches in from one end of
r the tube.	 This location places the defect within the stress attenuating
fillet at a point where the wall thickness will be approximately 0.027
inch thick.	 A defect of significant size in this area could influence
creep behavior of the adjacent test section.
	 Therefore, to more
accurately determine the size and location of the defect, a reference
mark was placed on the capsule for locating thh defect area after machin-
ing, and the OD fillet contours were machined into the test capsule.}{, yf
?r,; Following machining, the defect area was re-examined using ultrasonic
techniques to determine in more detail the nature of the defect. 	 No
A defect was observes; in the area where a defect had been detected in the
^A
inspection prior to final machining.
Pretest dimensioning, assembly, and annealing of the test capsule,
Biaxial Creep Capsule II, was completed in the same manner as that used
for Biaxial Creep Capsule I, made from the seamless T-111 alloy tube.
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Figure 35. The Seamless T-111 Alloy Biaxial Creep Capsule Prior
to Filling with Potassium. (Orig. C68080508)
E. TEST CAPSULE FILLING AND SEALING
Biaxial Creep Capsule I was then placed in a 30 kv electron beam
welding chamber, shown in Figure 36, for filling with potassium. The
potassium reflux capsule was filled with potassium procured from Mine
Safety Appliances Research Corporation. This high-purity grade potas-
sium was hot trapped and distilled before shipment to General Electric.
The potassium was further purified at General Electric by vacuum dis--
tillation at approximately 600°F at a pressure in the 10 -5 torn range
into a titanium-lined hot trap. The purification apparatus is shown
in Figure 37. The hot trap was used in this case as a clean storage
and transfer container. In the filling operation, potassium was trans-
ferred under argon pressure from the hot trap into an annular dispensing
reservoir, shown in Figure 38, to a precalculated height corresponding
to the volume required to result in the test capsule being half filled
with liquid potassium at the test temperature. The liquid metal level
was determined by means of a MSA Research Corporation Level Probe. The
measured volume was then transferred under argon pressure through the
bellows-sealed filling line, shown in Figure 39, into the capsule. The
capsule was positioned under the fill line by means of a manipulator and
Y
a flexible cable which was attached on one end to a gear train on the
turntable and on the other end to a crank outside the chamb•^r, Figures
36 and 39. A waste container was placed on the rotating table to
provide a means of initial flushing of the fill line with potassium.
When filled, the capsule was rotated from under the fill line, and the
capsule lid was put in place with the manipulator. The manipulator is
sealed to the chamber door by means of sliding O-ring seals. The capsule
was positioned under the EB welding gun by moving the table holding the
capsule to the opposite end of the EB weld tank. The gear on the capsule
was adjusted to mesh with the welding drive gear such that the capsule
rotated around its axis during welding. This gear was controlled by a
`	 variable speed motor to rotate at the optimum welding speed. Copper
chill blocks were fitted on each capsule to reduce the heat conduction
along the capsule during welding, thereby minimizing t,e possible
vaporization of the potassium which might cause unsound welds.
Figure 36. 30KV Electron Beam Welding Chamber and Controls Used to Fill
T-111 Alloy Biaxial Creep Capsule with Potassium. (C64121619)
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Figure 37. Potassium Purification System. (Orig. C64051946)
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Figure 38. External Apparatus for Filling Capsules with Potassium in
the EB T ',, Iding Chamber. (Orig. C66051941)
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Figure 39. Internal Apparatus for Filling Capsules with Potassium in the EA Welding Chamber.
(Orig. 066053119)
Analytical samples of the potassium were obtained by filling a
stainless steel tube in the same manner as the capsule was filled. The
resulting oxygen analyses by the mercury amalgamation method indicated
the oxygen concentration to be 10 ppm. Metallic impurities were deter-
mined by spectrographic analysis and are presented in Table VII.
The OD dimensions of the capsule in the test section region were
rechecked, and no significant distortion was noted. Biaxial Creep Cap-
sule I was then installed in the test facility for testing.
Biaxial Creep Capsule II, made from the welded and reworked T-111
alloy tube, was filled with potassium and sealed in the same manner as
Biaxial Creep Capsule I. Analysis of the analytical sample obtained
for oxygen by the mercury amalgamation method showed the oxygen content
to be 14 ppm. Since the same batch of potassium was used for filling
Biaxial Creep Capsule H as that for Capsule I, the metallic impurities
are the same in both capsules, Table VIA.
F. TEST FACILITIES
1. Biaxial Creep Testing
The biaxial creep capsule tests were performed in a General Electric
ultrahigh vacuum system, Figure 40. The vacuum chamber, IS inches in
diameter and 30 inches high, is made of Type 304 SS. The unit is bake-
able to 450°C and is provided with two 4-inch diameter Pyrex windows
and 16 feedthroughs. The pumping system consists of 4 cryogenic molecular
sieve type roughing pumps and a 400 ^Wsec getter-ion pump that is capable
of attaining a pressure in the 10-10 torr range in the chamber. The
pressure is measured with a General Electric Bayard-Alpert ionization
gauge to 10-11 torr. The potassium pressure transducer gas pressure
system and the LVDT demodulator and output recorder are also shown in
Figure 40.
The test facility within the vacuum chamber used for testing the
biaxial creep capsules is very similar to the one used for testing
capsules made from D-43 alloy on NASA Contract NAS 3-6012. (1) The
facility is shown schematically in Figure 41. The assembly of the strain
measuring LVDT (Linear Variable Differential Transformer) probe units is
4
r
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TABLE VII
SPECTROGRAPHIC ANALYSIS OF POTASSIUM USED IN
BIAXIAL CREEP CAPSULE I AND BIAXIAL CREEP CAPSULE II
Element	 Concentration, ppm
Ag < 2
Al < 2
B < 10
Ba < 10
Be < 10
Ca < 2
Cb < 10
Co < 2
Cr < 2
Cu < 2
Fe < 2
Mg < 2
Mn < 2
Mo < 2
Na < 2
Ni < 2
Pb < 2
si < 2
Sn < 2
Sr < 2
Ti < 2
V <	 10
Zr < 2
•r
t
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Figure 41. Schematic Arrangement of Facility.
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depicted in Figures 42 and 43. The tungsten caps were utilized as a
precautionary measure to avoid the possibility of any deleterious
reaction between the Al 203 probes and the T-111 alloy capsule wall.
The caps were designed in order to be compatible with the existing
Al203 probe configuration. The stainless steel spring was utilized
to maintain a negligible load contact of the probe on the capsule wall.
The square hole in the stainless steel case and the square shank on
the probe served a similar purpose by preventing loss of contact by
rotation of the probe. These assembled units are shown in place in
the test facility in Figure 44. Adjustments in all planes are provided
such that the probes can be located directly on the 0.020-inch thick
reduced wall section of the capsule. The LVDT's were calibrated prior
to installation and their precision was found to be approximately
± 0.0001 inch. The holders for LVDT-probe units and their associated
stainless steel support structure are water cooled to yield more stable
operation of the LVDT's during test startup and reduce LVDT outgassing.
The capsule was supported in a Cb-l2r alloy cup insulated from the
support table by tantalum shielding; heating was achieved by use of a
constant voltage controlled split tantalum element. The probes extended
through the gap in this element to contact the capsule in the liquid
zone. The boiling nucleator protruded below the stainless steel table
as shown in Figure 45. Heating was supplied by a separately controlled
split tantalum heater, the assembly of which is depicted in Figures 46
and 47.
The temperature of the test capsule was measured with W-25Re vs.
W-3Re thermocouples. All of the W-25Re vs. W-3Re thermocouples used
for the first capsule test were calibrated against a new Pt vs. Pt - 1ORh
thermocouple at temperatures between 1700°F and 2300°F. The Pt vs. Pt -
IORh thermocouple was previously calibrated against the melting points
of silver and copper. The calibration of the W-Re thermocouples was
accomplished by placing the W-Re and Pt-Rh thermocouples in a 0.25-inch-
diameter well within a 1.25-inch-diameter x 4-inch-long molybdenum
cylinder. The molybdenum cylinder was placed in the capsule test facility
in the same location as that for the test capsule and the facility
i
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Figure 42. Disassembled Strain MeE.suring LVDT-Probe Unit
	
Figure 43. Assembled LVDT-Probe Unit with
with Tungsten Cap Installed. (065040524)
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Figure 44. T-111 Alloy Biaxial Creep Capsule Test Facility. (P6$-9-45B)
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Figure 45. Boiling Nucleator Location in Biaxial Creep Capsule Test Facility. (C65060221)
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Figure 46. Split Tantalum Strip Heater for Boiling Nucleator Installed in Biaxia l Creep
Capsule Test. Facility. (C65060219)
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Figure 47. Boiling Nucleator Heater Assembly Installed in Biaxial Creep Test Facility. (C65060220)
evacuated and baked out. The cylinder was then heated with the tanta-
lum strip heater which will be used for the capsule test. A 32°F
reference junction was utilized, and the calibration was done in accord-
ance with ASTM Specification, "Calibration of Thermocouples by Comparison
Techniques," ASTM Designation: E220-54.
This calibration was repeated at the end of the capsule testing
to evaluate any changes during testing.
2. Uniaxial Creep Testing
The uniaxial creep testing was performed in the bakeable, getter-
ion pumped creep facility capable of a 10 -10 torr vacuum shown in
Figure 48. The elongation during testing is measured optically from
fiducial marks on the gauge length of the test specimen and recorded
continuously from the output of a linear variable differential trans-
former located on the external portion of the load train. The facility
is capable of both external and internal specimen loading. External
loading is used when the correction factor for the bellows seal on the
load train is less than one percent of the total specimen load. External
loaii.ng was utilized for all of the testing performed for this program.
Heating of the specimen is accomplished with a split tantalum resistance
strip heater similar to those used for heating the biaxial creep capsule.
The temperature of the test specimen is measured with W-25Re vs. W-3Re
thermocouples attached directly to the specimen, and an optical pyrometer.
The test specimen temperature is controlled with a West S-C-R Stepless
controller.
G. PRELIMINARY UNIAXIAL CREEP TESTING
Prelimim ry uniaxial creep tests 'were used to obtain baseline
creep data for the final selection of test conditions for the 5000 hour
tests and to evaluate a special uniaxial creep test specimen design
which more closely resembles the biaxial capsule test section design.
Test conditions for the preliminary uniaxial creep tests were
selected such that 1% creep would be obtained in approximately 100
hours. The conventional uniaxial creep test specimen used is shown
in Figures 49 and 50. The specimens are machined directly from the
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Figure 50. Conventional T-111 Allay Uniaxial Creep Test Specimen Prior
to Testing. (C68050719)
•r
wall of the tubing and are not flattened. The actual test section of
this type of specimen utilizes the entire wall thickness of the as-
received T-111 alloy tube. Three preliminary uniaxial creep tests
using conventional test specimens were performed. All of the specimens
used in the preliminary uniaxial tests were annealed in the creep
facility at 2400°F for one hour at pressures of less than 4 x 10
-8
 torr
prior to their loading. This heat treatment gives the uniaxial specimens
the same thermal history as the biaxial creep capsule which was postweld
annealed at 2400°F for one hour.
The first preliminary uniaxial creep test was conducted at 2200°F
at a stress of 15,000 psi in a vacuum of C 4 x 10 -9 torn. From the
least squares linear correlation of the data plotted in Figure 51, one
percent creep was found to occur in 156.5 hours. The scatter observed
in the data was found to be a result of inaccuracies in the optical
extensometer. The optical extensometer was repaired and recalibrated
prior to initiation of the second test.
The second preliminary uniaxial creep test was conducted at 2350°F
at a stress of 10,000 psi in a vacuum of C 1 x 10 -8 torn. From the
least squares linear correlation of the data plotted in Figure 52, one
percent creep was found to occur in 181 hours. The two test interruptions
shown in Figure 52 were the result of power failures caused by major
substations repairs. There was no apparent effect of these interruptions
on the test data.
The third preliminary uniaxial creep test was conducted at 2300°F
at a stress of 12,500 psi in a vacuum of C i x 10-8 torn. From the
least squares linear correlation of the data plotted in Figure 53, one
percent creep was found to occur in 84.1 hours. The data from the first
three uniaxial tests compared favorably with similes 17o creep data re-
ported by Sheffler and Steigerwald (6) in Figure 54, at that time.
The previously discussedi preliminary uniaxial creep test results
were then used in selecting the test temperature for the first biaxial
(6) Sheffler, K. D. and Steigerwald, E. A., if 	 of Long Time
Creep Data on Refractory Alloys at Elevated Temperatures," Fifteenth
Quarterly Report, NAS •-CR-72431, NASA Contract NAS 3-9439, Period
December 14, 1967, to March 27, 1968, April 14 (1968).
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Figure 51. Unfaxial Creep of T-111 Alloy Tested at 2200 OF with a 15,000 psi Stress in
Vacuum of <4 x 10 -9 torn, The Conventietal Specimen was Machined from the
Seamless Tube (Preliminary Uniaxial Test No. 1).
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Figure 53. Uniaxial Creep of T-111 Alloy Tested at 2300 °F with a 12 , 500 psi Stress in a
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Figure 54. Larson-Miller Plot of One Percent Creep Da*a for T-111 Alloy
Annealed at 3000OF for One Hour and Tested in Vacuum Environ-
ments of <1 x 10-8
 Torr.
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(*) See Appendices I and 11.
Y
83
capsule test. Since the capsule is filled with potassium and sealed
under vacuum, the stress generated in the thin wall test section is
directly dependent for any given mean capsule radius and wall thickness,
on the potassium vapor pressure developed within the capsule at the test
temperature. Thus for a fixed mean capsule radius and wall thickness,
the stress developed in the test section is directly determined by the
capsule temperature. Also, to obtain some specified amount of creep in
the capsule in a specified time, the necessary stress and test temperature
are again interrelated. This relationship is dependent on the basic
creep properties of the T-111 alloy and is dependent on the stress -
temperature relationship from the potassium pressure discussed earlier.
Therefore, it is obvious that to obtain a certain amount of creep in a
specified time and in a capsule of fixed dimensions, only one test tem-
perature exists.
The desired test temperature could then be readily determined by
the use of a Larson Miller parameter plot. The preliminary uniaxial
1% creep data was plotted on the parameter plot in the normal way as
shown in Figure 55. This data allowed an approximate extrapolation for
the temperature and stress levels needed to obtain the desired 1%
creep over the planned test period of 5000 hours. Next using the tem-
perature vapor pressure data for potassium shown in Figure 56, and the
relationship for determining the stress in a thin wall cylinder
Cr W V pr
e	 2 ` t
where,
p = internal pressure in capsule (potassium vapor pressure)
r = mean radius of capsule (0.6734 in.)
t = thickness of capsule wall in test section (0.191 in.)
the stress generated in the capsule test section as a result of the
potassium pressure was computed at various temperatures. This relation-
ship was then shown on the same Larson -Miller parameter plot as the
1% creep data shown in Figure 55 by using the planned test time of 5000
hours in computing the parameter P. The two curves represented the
a
i
3
`i
t
I (5)
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Figure 55. Preliminary One Percent Uniaxial Creep Data for
T-111 Alloy Tubing (Heat 1810) and Strews Developed
in Test Capsule as a Function of Temperature. Para-	
r.
meters are Computed for Stress Function Using a
Time of 5000 Hours.	 f
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two stress - temperature relationships discussed earlier and their
intersection yielded the desired test temperature for the 5000 hour
test.	 The indicated parameter of 49.8 resulted in a test temperature
of 2203°F for the 5000 hour test.	 A test temperature of 2200°F was
` then selected which should have resulted in approximately the 17o creep
which was desired,
' In the three previni lsly discussed preliminary uniaxial tests, a
• more conventional test specimen was utilized. 	 A fourth preliminary
a.
uniaxial creep test was conducted using a. special uniaxial creep test
t
specimen which is shown in Figures 57 and 58. 	 The specimen was made
by machining a reduced wall test section in a piece of T--111 alloy tubing
which had been taken from that used for the biaxial test capsules,, drillingy
appropriate holes in the ends of the tube for gripping during uniaxial
tV
:.AY
Xj and then longitudinally sectioning the tube to form four test
specimens.	 The test specimen gage section consisted of the inner 0.020
`.f inch of the tubing wall similar to the reduced wall section in the biaxial
capsule test and was machined in the same manner.
One of these specimens was tested to allow a comparison between
)^ the two specimen designs.	 This fourth	 	 preliminary uniaxial creep test
l.:5
was conducted at the same test conditions as the third preliminary test,
i.e., 2300°F at a stress of 12,500 psi in a vacuum of < 1 x 10 -$ torr.
From the least squares linear correlation of the data plotted in
.' Figure 59, one percent creep was found to occur in 58.6 hours.	 A
rs. similar treatment of the data from the third test showed one percent
{ creep to occur in 84.1 hours.	 The creep rates were found to be
1.052 x 10-4 in/in/hr and 1.173 x 10-4 in/in/hr f,-3r the third and
fourth tests respectively.
	 Possible explanation of the differences
in the test results because of test specimen design are not straight
forward since a statistical treatment of the'data shows the creep rate
ti for the third test to be 1.052 x 10	 -r 0.043 x 10	 in/in/hr, and for
the fourth test 1.172 x 10 r4 -1 0.146 x 10	 in/in/hr using; a. 95 percent
1
confidence level. Although the creep rate for the fourth test appears
` 9	 larger than that for the third test, consideration of the error limits
indicates that the creep rates may not be significantly different. More
tests of longer duration would be needed to improve the evaluation.
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H. BIAXIAL CREEP TESTING
1. Seamless T-111 Alloy Capsule
Biaxial Creep Capsule I, made from the seamless T--111 alloy tube,
was installed in the test facility as shown previously in Figure 44.
The 18-inch diameter, getter-ion pumped, vacuum chamber was sealed A.'d
evacuated to approximately 5 x 10-7 torr before bakeout was initiated.
The chamber was baked out at 500°F for 12 hours. inuring this time the
argon gas pressure system which is connected to the potassium pressure
transducer was also evacuated and baked out at approximately 500°F.
Following bakeout, the gas pressure system was filled with argon and
evacuated three times before final filling to a pressure of approxi-
mately 5 psia.
Heating of the test capsule was initiated and when the test capsule
temperature reached 1000°F, power was applied to the boiling nucleator
heater. The nucleator temperature was maintained between 100 and 150°F
above the test capsule temperature during subsequent capsule heat up.
Slightly less uniform boiling was noted in the capsule when the capsule
reached approximately 1300°F but this condition subsided at approximately
1500°F. When the test capsule temperature reached 1800°F, the power to
the boiling nucleator was turned off and no changes in boiling stability
were observed. During capsule heat-up the argon gas pressure in the
pressure transducer gas system was increased so as to produce a minimum	 ^' 1
pressure differential on the transducer diaphragm. The capsule was
heated to the 2200°F test temperature and the maximum chamber pressure
reached during capsule heat up was 7 x 10 -7 torr. The chamber pressure
during the 5000 hour test is shown in Figure 60.
The indicated temperature for the capsule during the test, in the
condensing zone is shown in Figure 61. During the test a small apparent
decrease in capsule temperature was observed with the W-3Re vs W-25Re
thermocouple. Several power adjustments were made during the test to 	 I
correct the apparent temperature decrease. Evaluation of the potassium
F
pressure within the test capsule, which was measured with the pressure 	 #
transducer and is shown in Figure 61, revealed that the apparent capsule	 i
temperature decrease was not accompanied by a potassium pressure decrease
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Potassium Vapor Pressures and Calculatedin Biaxial Creep Capsule I.
as would be expected. Instead the potassium pressure remained quite
constant with definite increases in potassium pressure being observed
each time the capsule power was increased. These results indicated that
the apparent capsule temperature decrease was not real and was probably
the result of thermocouple drift. The apparent temperature data and
}
t	 measured potassium data were further evaluated by using the apparent
!	 temperature data to calculate corresponding potassium pressure values.
These values were calculated using the empirical potassium pressure-
temperature relationship developed by Ewing et al. (5) The calculated
values were then subtracted from the measured pressure values for each
test time and the pressure difference as a function of test time is
shown in Figure 61. This plot shows that the measured temperature and
potassium pressure data were in very good agreement at the beginning of
the test and drifted smoothly and continuously apart during the 5000
hour test. If this drift is completely associated with thermocouple
drift, the total drift in 5000 hours is equivalent to a total temperature
shift of 27 0 F. Following completion of the 5000 hour test the W-3Re vs
W-25Re thermocouple was calibrated against a previously calibrated Pt vs
Pt-IORh thermocouple. The posttest calibration was done in exactly the
same manner as the pretest calibration which was described in detail
earlier in this report. The results of these calibrations are shown
in Figure 62 and clearly substantiate that thermocouple drift did occur.
From the data in Figure 62 it is found that the total temperature drift
in 5000 hours was 10°F. The apparent discrepancy in the size of the
temperature shift as determined by the potassium pressure measurements
and the posttest thermocouple calibration can not be explained at this
time, but both measurements show qualitatively that thermocouple drift
did occur. Since the pretest and posttest thermocouple calibrations
are performed using presently accepted ASTM standards, the shift deter-
mined by this method was use:A to correct the measured test temperatures.
Thus the average measured temperature in the condensing; zone was 2200°F
and after correcting becomes 2205°F. Similarly in the liquid zone the
temperature was 2220°F and the corrected temperature is 2225°F.
cS ^Ewing, C. T., Stone, J. P., Spann, Jr. R., Steinkuller, E. W., Williams,
D. D., and Miller, R. R.,"High-Temperature Properties of Potassium,"
September 24, 1965, NRL Report 6233, U. S. Naval Research Laboratory.
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The equivalent uniaxial stresses in the liquid zone and condensing
are shown in Figure
pressure, the potas-
ref lected in the
the approximately
8261 psi in the
zone test sections were computed during the test and
63. Since the stress values depend on the potassium
slum pressure changes shown in Figure 61 are clearly
stress values in Figure 63. The average stresses in
0.020-inch thick test sections were determined to be
liquid zone and 8137 psi in the condensing zoae.
The LVDT's used to measure the diameter change of the capsule in
the liquid zone during testing were calibrated after the 5000 hour test
and the pretest and posttest calibrations are shown in Figure 64. The
outputs of the two LVDT's were linear and similar after the test, but
showed a significant shift during testing. The shift was essentially
the same for both LVDT's. Since only a pretest and posttest calibration
could be performed, the observed shift was assumed to be linear with
time and the data in Figure 64 was used to correct the creep data ob-
tained :?or the liquid zone of the capsule. The LVDT's used in the
condensing zone became inoperative in the early part of the test and
diameter measurements in the condensing zone were obtained with the
optical extensometer only.
2. Welded and Reworked T-111 Alloy Capsule
Biaxial Creep Capsule II, fabricated from the welded and reworked
T-111 alloy tube, was installed in the test facility in a manner identical
to that of Biaxial Creep Capsule I as shown previously in Figure 44.
Evacuation and bakeout of the vacuum chamber and argon gas pressure
system was also completed in a manner similar to that of Biaxial Creep
Capsule 1.
Heating of the test capsule was initiated and when the test capsule
temperature reached 1000°F, power was applied to the boiling nucleator
heater. The nucleator temperature was maintained between 100 and 150°F
above the test: capsule temperature during subsequent capsule heat-up.
No difficulties were encountered during the capsule heat-up. The
power to the boiling nucleator was turned off when the test capsule
temperature reached 1800°F and no changes in boiling stability were
observed. During capsule heat-up the argon gas pressure in the pressure
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97
transducer gas system was increased so as to produce a minimum pressure
differential on the transducer diaphragm. The capsule was heated to
the 2200°F test temperature and the maximum chamber pressure during
capsule heat up was 6.7 x 10-7 torr. The chamber pressure during the
6000 hour test is shown in Figure 65.
The indicated temperature for the capsule during the test, in the
condensing zone is shown in Figure 66. During the test there was a
small apparent decrease in capsule temperature observed with the W-3Re
vs W-25Ae thermocouple, similar to that of Biaxial Creep Capsule I.
One power adjustment was made during the test to correct the apparent
temperature decrease. Evaluation of the potassium pressure within the
capsule, which was measured with the pressure transducer and is shown
in Figure 66, revealed that the apparent capsule temperature decrease
was not accompanied by a large potassium pressure decrease as would be
expected.
The potassium pressure remained quite constant but dial increase
approximately 10 psia when the power was increased. Based on the
noticed thermocouple drift in Biaxial Creep Capsule I this power increase
was made to adjust the potassium pressure to 260 psia which results in
an equivalent capsule temperature of 2230°F. The apparent temperature
data and measured potassium data were further evaluated by using the
apparent temperature data to calculate corresponding pressure values.
These values were calculated using the empirical potassium pressure-
temperature relationship developed by Ewing et al. (5) The calculated
values were then subtracted from the measured pressure values for each
test time and the pressure difference as a function of test time is
shown in Figure 66. This plot shows that the measured temperature and
potassium pressure data were in good agreement at the beginning of the
test and drifted smoothly and continuously apart during the 5000 hour
test. If this drift is completely associated with thermocouple drift,
the total drift in 5000 hours is equivalent to a total temperature
shift of 32°F. The power increase made at approximately 3850 hours
of total test time was made to adjust for thermocouple drift and for
the last 1150 hours of testing the measured potassium pressure was
used as a measure of test capsule temperature.
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A posttest calibration of the W-Me vs W-25Re thermocouples was
r
impossible because of an open circuit possibly due to embrittlement
. "	 of the thermocouple wire or breaking of the thermocouples during
'
	
	
removal of the test capsule. Investigation of the test capsule tempera-
ture shown in Figure 66 indicate a possible thermocouple drift of 1.5°F.
Based upon the posttest thermocouple calibration of Biaxial Creep Capsule
I and coupled with the behavior of the test temperature and potassium
pressures of both capsule tests this seems a reasonable assumption.
Thus the average measured temperature in the condensing zone was 2192°F
and after correcting becomes 2199°F, Similarly the average liquid zone
temperature was 221.2°F and after correcting, 221.9°F.
The equivalent uniaxial stresses in the liquid zone and condensing
zone test sections were computed duringp	 g the test and are shown in
Figure 67. Since the stress values depend on the Potassium pressure,
the potassium pressure changes shown in Figure 66 are clearly reflectedi
in the stress values in Figure 67. The average stresses in the approxi-
mately 0.020-inch-thick test sections were determined to be 7710 psi in
the liquid zone and 7605 psi in the condensing zone.
The LVDT's used to measure the diameter change of the capsule in ='
the liquid zone and condensing zone test sections during testing were
calibrated after the 5000 hour test and the pretest and posttest cali-
brations are shown in Figures 68 and 69.	 The outputs of the two LVDT's -`
r
for each test zone were linear and similar after the test, but showed
a significant shift during testing.
	
The shift was essentially toe
same for both LVDT's at each test section.	 It was assumed that the
observed shift was linear with time and the data in Figures 68 and 69
were used to correct the creep data obtained from the liquid and con-
densing test zones of the capsule'.
i.	 5000 HOUR UNlAZIAL CREEP TESTING
1
In the present program, two 5000-hour uniaxial tests were performed.
Because of the preliminary uniaxial creep test results it was decided to
test one conventional design specimen and one special design specimen.
The first 5000--hour uniaxial creep test was initiated with a special test
specimen shown previously in Figure 58.
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Prior to loading the test specimen, it was annealed at 2400°F for
one hour in the creep facility at pressures of less than 4 x 10-8 torr
as were the previous preliminary uniaxial tests. This heat treatment
gives the special design uniaxial test specimen the same thermal history
as the biaxial creep capsules which were postweld annealed at 2400°F for
one hour. Following the anneal the specimen temperature was reduced to
2200 °F and the specimen was loaded to a stress of 8100 psi. The test
conditions for the uniaxial test of the special design test specimen
are therefore approximately the same as those for the biaxial creep
capsule. The vacuum chamber pressure during the 5000 hour test is
shown in Figure 70.
The second 5000-hour uniaxial creep test was initiated with a
conventional design T-111 alloy uniaxial creep test specimen shown
previously in Figure 50.
Prior to loading the test specimen, it was given a one hour anneal
at 2400°F in the creep facility at pressures of less than 5 x 10
-8 
torr.
This heat treatment gives the uniaxial test specimens the same thermal
history as the biaxial creep capsules which were postweld annealed at
2400°F for one hour, and the previous preliminary
 uniaxial test specimens
which were also given this same anneal. Following the anneal the speci-
men temperature was reduced to 2200°F and the specimen was loaded to a
stress of 8100 psi. The test conditions for the uniaxial test of the
conventional design test specimen are therefore approximately the same
as those for the biaxial creep capsules. The vacuum chamber pressure
during the 5000 hour uniaxial test of the conventional design test
specimen is shown in Figure 71.
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III- TEST RESULTS
A. BIAXIAL CREEP TEST
1.	 Seamless T-111 Alloy Capsule
The uncorrected equivalent uniaxial creep data for Biaxial Creep
Capsulf, I in the liquid zone are shown in Figure 72. The equivalent
uniaxial creep data for the liquid zone after correcting for LVIYT drift
are given in Figure 73. it can be seen that the correction for LVDT
drift is significant and accounts for a shift in the creep data of
approximately 0.4go at 5000 hours. The lines shown through the data
points were developed by simple least squares linear correlations.
More sophisticated creep-tune relationships were investigated but were
found to be of little significant value over the linear relationship.
The equivalent uniaxial creep data for Biaxial Creep Capsule I in the
condensing zone are shown in Figure 74. The greater scatter in the data
for the condensing zone is the result of not being able to accurately
locate the sides of the capsule with the optical extensometer. A com-
parison of the creep curves for Biaxial Creep Capsule I is shown in
Figure 75.
A summary of the pertinent test results for Biaxial Creep Capsule
I is given in Table VIII. It appears in Figure 75 that a signi-
ficant difference in creep properties exists between the liquid and
condensing zones. Examination of the creep data obtained at test termi-
nation by capsule dimensioning, Table VIII and Figure 75, indicates that
the creep curves should be quite similar for the Liquid and condensing
zones. The data shows the 5000 hour creep value determined in the
liquid zone during the test by LVI)T's is in very good agreement with
the value obtained by posttest dimensioning. In the condensing zone
the 5000 hour creep value obtained by posttest dimensioning is in good
agreement with the liquid zone data but is significantly different from
the value determined by optical extensometer measurements during the
test. If the creep curve for the condensing zone were shifted to pass
through the posttest dimension datum point the curve would be very
similar to the liquid zone curve. In any case the data indicates
109 
PREC
EDING PAGE 
BLANIK NOT FIL
•°..
•
	 e
Average Equivalent Uniaxial Stress - 8261 psi
Average Indicated Test Temperature -- 2220oF
-,iM	 iY^^f.-5`	 a.^.-. t:	 s^ '4':lt''^ i	 es,..	 ^- ^	 ^	 ''T"•'t ^.. +rt.- - r ` +v-^,.-.-w.	 ^ 'QT' rti r^^A^	 _ -	 -	 ^	 ^	 -
_	
sy,
...	 '^-- ^u......^^..,l _.... _ y s....^,.;' ,^'., .?'^h.. 	 .:;-fa^^r^^^^..y,^.+7r- •i^.....L,^ -.c _'^sy..... ^:..whv,...^:eG.	 1.	 _. .. -. ..... - v.,^.^-n+r .zc^-`;::r!z:_ ^% a«^.	 .,^:r ^ .. .. +'F'i c	 sSs+ .s*'X	 ,:-d	 -,ir	 ua^ ^	 ...-. ,n v.- r	 ._ .^	 ...... ..
1.4
p, 1.2
w
a^ 1:0
F'1
v 0.8
rd
es
.A 0.6
1--^	
ca
-A 0.4
0.2
ro 0
ow
0
	
400
	
800 1200	 1600	 2000	 2400 2800	 3200 3600	 4000 4400 4800 5200
Time, Hours
Figure 72. Uncorrected Equivalent Uniaxial Creep in the Liquid Zone of Biaxial Creep Capsule I.
400 800 1600 20001200 3600	 4000 4400
	 48003200 5200
2.0 l
w
1.6
1.4
1.2
M
1.0
N ^
0.8
ra
0.6
w 0.4
0.2
0
0
2400	 2800
Time, Hours
Figure 73. Corrected Equivalent Unimcial Creep in the Liquid Zcne of Biaxial Creep
Capsule I.
_	
_^^-•...:.::_ ^.—.,..w._.^ .^.^7.'J..... ^.:.vaT`..	 5	 _.^ -^r .. ^t-a,4.. r..^+;aLwts•+53^__..
5
woo 1, '.F .f
	
s 4	
!"^-"crex=e.•.- -.«:.'
	 _ .. , :ri> .1?.rs,':"3.s^,,,^„"Y_s^^...	 »	 .r-n^ • ...	 -~	 -	 _ . -.
1.6
4J
q
v 1.4
Qf
1 , 2
/mow
1.0
0.8
7•^
0.6
N	 ^
w^ 0.4
0.2
r.J
Cd
qd 0
6.00 
•
e
e
a
Average Equivalent Uniaxial Stress -- 8137opsi
Average Indicated Test Temperature - 2200 F
e	 °
[	 I	 i	 1	 I	 i	 I	 I	 I	 I	 f	 ,^
0	 400	 goo	 1200 1600	 2000 2400	 2800	 3200	 3600 4000	 4400 4800	 5200
Time, Hours
Figure 74. Equivalent Uniaxial Creep in the Condensing Zone of Biaxial Creep Capsule 1.
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TABLE V11I
lo
SUMMARY OF TEST RESULTS FOR BIAXIAL AND UNIAXIAL (
IN VACUUM ENVIRONMENTS OF C
Average
Equivalent
Average Test Uniaxial Steady State Creep Rate	 _	 Ti
Calculated^a)	 17,Temperature
OF
Stress
psi x 10 -3
Measured
/sec x 109 in/in/sec x 10 9 	HTest in/in
(b)
A.	 Seamless Tubing
Biaxial Creep Capsule I 2225 (c) 8261 1.04 ± 0.01 (d) 2.02
Liquid Zone
Biaxial Creep Capsule 1 2205(c) 8137 0.78 ± 0.03 (d) 1.53
Condensing Zone
Uniaxial Creep Test 1 2200 (c) 8100 1,18 ± 0. 16 (d) 1.42
Uniaxial Creep Test 11 2200(c) 8100 0.69 ± 0.01 (d) 1.42
B.	 Welded & Reworked Tubing(b)
Biaxial Creep Capsule II 2219(c) 7710 0.79 t 0.01 (d) 1.51
Liquid Zone
Biaxial Creep Capsule 11 2199 0.91 ± 0.01 (d) 1.15
Condensing Zone(LVDT)
B Laxial Creep Capsule II 2199(c) 7605 1.06 f 0.04 (d) 1.15
Condensing Zone (00f. )
(a) Calculated from relationship developed by Sheffle:
(b) Annealed one hour at 3000°F
(c) Actual corrected average test temperature
(d) 95% confidence limits
^O O^Q^ FRpPM1F
i311H Y1S
UNIAXIAL .4EEP TESTS CONDUCTED ON T-111 ALLOY
4ENTS OF < 1 x 1f)-7  TORR
Test Termination
% Creep
(a)- Time for	 Larson-Miller Parameter	 Determined
9	 1% Creep	 for 1% Creep 
-3	 Time	 Determined
	
from posttest
10	 Hours	 TOE (15 + logt) x 10 	 Hours During Test	 Dimiensions
(d)2672 49.5 5000 1.87 ± 0.02 1.89
(d)3424 49.4 5000 1.44 ± 0.03 1.88
2399 48.9 5000 2.10 ± 0.15
(d)	 -
4160 49,5 5000 1.21 t 0.01
(d)
	 -
3852	 49.8	 5000	 1.33 ± 0.01 (d)	 1.09
3180	 49.2	 5000	 1.60 ± 0.01 
(d)
	
2.05
3222	 49.2	 5000	 1.68 ± 0.08  (d)	 2.05
Sheffler and Ste igerwalO (Ref . 8)
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that the observed difference in creep properties between the liquid
and condensing zone :ray not be real. The disagreement could be the
result of the diameter measurements taken during testing not being in
the maximum bulge region and therefore yielding low creep values.
Creep rates were calculated for T-111 alloy from an empirical
relationship developed by Sheffler and Steigerwald (6)
 using the capsule
test conditions, Table VIII. A comparison of these values with the
measured values, Table VIII, shows that a significant difference exists
but the agreement is still considered good. Although the times for 1%
creep in the capsule were considerably different, i.e. 752 hours, it
is interesting to note that this difference has very little effect on
the Larson-Miller parameter values given in Table VIII. The Larson-
Miller parameter values are compared with the preliminary uniaxial j
data obtained earlier in Figure 82 and are in very good agreement.
2. Welded and Reworked T-111 Alloy Capsule
The ui=corrected equivalent uniaxial creep data for Biaxial Creep
Capsule II in the liquid zone, determined by LVDT measurements, are
shown in Figure 76. The equivalent uniaxial creep data for the liquid
zone after correcting for LVDT drift are given in Figure 77. The
correction for LVDT drift is significant and accounts for approximately
0.3% in 5000 hours. The lines shown through the data points were
developed by simple least squares linear correlations. As in Biaxial
Creep Capsule I more sophisticated creep--time relationships were in-
vestigated but were found to be of little significant value over the
linear relationship. The equivalent uniaxial creep data for Biaxial
Creep Capsule II in the condensing zone, determined by LVDT measure-
ments are shown in Figure 78. The equivalent uniaxial creep data for
the condensing zone after correcting for LVDT drift are given in Figure
79. The correction for LVDT drift again accounts for approximately
0.376 in 5000 hours. The equivalent uniaxial creep data for Biaxial
Creep Capsule II in the condensing zone, determined with an optical
(6)	 of
 K. D. and Steigerwald, E. A., "Generation of Long Time
Creep Data on Refractory Alloys at Elevated Temperatures," Fifteenth
Quarterly Report, NAS-CR-72431, NASA Contract NAS 3•-9439, Period
December 14, 1967 to March 27, 1968, April 14 (1968).
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Figure 76. Uncorrected Equivalent Uniaxial Creep in the Liquid zone of
Biaxial Creep Capsule II.
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Figure 78. Uncorrected Equivalent Uniaxial Creep in the Condensing Zone of
Biaxial Creep Capsule II. (LVDT Measurements.)
L8
„ 1.6
a+
1.4
a^
1.2
a
1,0
U
«Q ----
Average Equivalent Uniaxial Stress - 7605 psi
Average Indicated Test Temperature - 2192OF
0.8
F-i
0.6
a
0.4
R
a
H 0.2
0
w
0	 400	 800	 1200	 1600	 2000	 2400	 7800	 3200	 3600	 4000	 4400	 4800	 5200
Time, hours
Figure 79. Corrected Equivalent Uniaxial Creep in the Condensing Zone of
Biaxial. Creep Capsule II. (LVDT Measurements.)
extensometer, are shown in Figure 80. Again, as in Biaxial Creep
Capsule I, the greater scatter in the data for the condensing zone
by optical extensometer measurements as compared with data obtained
by LVDT measurements is felt to be a result of not being able to
accurately locate the sides of the capsule with the extensometer. A
comparison of the creep curves for Biaxial Creep Capsule II is shown
in Figure 81.
A summary of the pertinent test results for Biaxial Creep Capsule
II is also given in Table VIII. There is an apparent difference in
creep properties existing between the liquid and condensing zone as
shown in Figure 81. Examination of the creep data obtained at test
termination by capsule dimensioning, Table VIII and Figure 81, indicates
that the creep curves should be different for the liquid and condens-
ing zones. The data show the 5000 hour creep values deter+ined in the
liquid and condensing zones during the test by LVDT's are in good
agreement with the values determined by posttest dimensioning. The
creep value determined in the condensing zone by optical extensometer
measurements is in good agreement with the value determined by LVDT
measurement. The agreement between the creep values determined during
testing of Biaxial Creep Capsule II by LVDT and optical extensometer
measurements and the creep valves determined by posttest dimensioning
do not agree as well as they did in Biaxial Creep Capsule 1. It is
again felt that this difference can be attributed to the result of not
being able to accurately locate the sides of the capsule with the
extensometer.
During the testing of Biaxial Creep Capsule II the equivalent
uniaxial creep in the condensing zone was greater than the equivalent
uniaxial creep in the liquid zone. This is exactly opposite to the
creep values determined for Biaxial Creep Capsule I. The equivalent
uniaxial creep in the liquid zone of Biaxial Creep Capsule II compares
with the equivalent uniaxial creep in the liquid zone of Biaxial Creep
Capsule r
 when one considers that the stress in the liquid zone of
Biaxial Creep Capsule II was somewhat less than the stress in Biaxial
Creep Capsule I. The equivalent uniaxial creep values obtained in
the condensing zones of capsules I and II do not agree, however. It
would be expected that the creep value in the condensing zone would be Iess
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Figure 80. Equivalent Uniaxial. Creep in the Condensing Zone of Biaxial Creep
Capsule II. (Optical Measurements.)
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E4 .
than the creep value in the liquid zone. This was the case in Biaxial
Creep Capsule I but not in Biaxial Creep Capsule II, therefore it is
believed that the greater creep observed in the condensing zone of
Biaxial Creep Capsule II could be a result of the T-111 alloy having
lower strength in the weld region.
Creep rates for Biaxial Creep Capsule II were calculated for the
T-111 alloy from an empirical relationship developed by Sheffler and
Steigerwald (6 ) using the capsule test conditions, Table VIII. A
comparison of these values with the measured values, 'fable VIII, shows
that a significant difference exists but the agreement is still good.
Although the times for 1% creep in the capsule were considerably
I
different, i.e., 672 hours based on the condensing zone LVDT measure-
mentsand 630 hours based on the condensing zone optical extensoineter
measurements, it is interesting to note that this difference has very
little effect on the Larson-Miller parameter values given in Table
VIII. The Larson-Miller parameter values are compared with the pre-
liminary uniaxial data obtained earlier in Figure 82 and are in very 	 I `
good agreement.
B. 5000 HOUR VNIAXIAL CREEP TEST
The uniaxial creep data for Uniaxial Creep Test I is shown in
Figure 83. The scatter in the creep values is the result of the dif-
ficulty in measuring accurate elongations in a creep specimen which
has a 0.200-inch long gauge section. The line through the data points
was developed in the same manner as those for the biaxial creep tests.
The uniaxial creep data for Uniaxial Creep Test II is shown in Figure
84. The scatter in the creep values is much less than that in Uniaxial
Creep Test I, possibly due to the fact that a 1.0-inch long gauge
section was used. The difference in data scatter between the two
tests is reflected in a comparison of the two creep curves shown in
Figure 85. The 95% confidence band, determined by a Least squares
linear analysis of the data, for Uniaxial Creep Test 11 is much
narrower than that for Uniaxial Creep Test I. When the uniaxial
creep curves are compared with the biaxial creep curves it is found
that there is fair agreement with the biaxial creep data for the
liquid zones. If the original predicted errors of ± 14.0% for biaxial
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Figure 82. Larson-Miller Plot of One Percent Creep Data for T-111 Alloy
Annealed at 3000OF for One Hour and Tested in Vacuum Environ-
ments of < 1 x 10-7 Torr.
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strain, shown in Appendix I, Table XIV, are considered then the biaxial
creep results are in good agreement with the uniaxial creep results. A
summary of the pertinent test results for Uniaxial Creep Test I and
Uniaxial Creep Test II is given in Table VIII. The Larson-Miller
parameter values are compared with the preliminary Uniaxial creep values
and biaxial creep values in Figure 82 and are in very good agreement.
The preliminary uniaxial creep data, biaxial creep data from
Biaxial Creep Capsules I and II, and Uniaxial creep data from the
special design uniaxial creep specimen and from the conventional
design uniaxial creep specimen are compared with the uniaxial creep
data reported by Sheffler and Steigerwald (6)
 on a stress versus
Larson-Miller parameter plot, Figure 86, and are in very good agreement.
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IV. POSTTEST EVALUATION OF WELDED AND REWORKED CAPSULE
A. POSTTEST DIMENSIONING
Biaxial Creep Capsule I has been retained for anticipated additional
testing to evaluate the relationship between large percentages of biaxial
and equivalent uniaxial creep. No posttest evaluation other than non-
destructive posttest dimensioning was performed. The capsule, after re-
moval from the test facility,, was dimensioned in the OD of the gauge
sections. These measurements indicated a maximum diameter change in the
liquid zone of 0.0229-inches as compared to 0.0177-inches measured by
the LVDT's during testing, and a maximum change in the condensing zone
of 0.0224-inches as compared to 0.0191-inches measured optically during
testing. The diameter changes determined after testing are approximately
equivalent to 1.970
 uniaxial creep, Table VIII.
Biaxial Creep Capsule II is shown, in the test facility following
5000 hortrs of testing, Figure 87. The test capsule was removed from
the test facility for posttest evaluation and is shown with the pressure
transducer and boiling nucleator still attached
'
. Figure 88.
After removal of the welded and reworked T-111 alloy Biaxial Creep
Capsule 11 from the test facility the OD was dimensioned in the liquid
and condensing zone test sections. These measurements indicate a maxi-
mum diameter change in the liquid zone of 0.0134 inches as compared to
0.0122 inches measured by the LVDT's during testing. These measurenient6
also indicate a maximum change in the condensing zone of 0.0247 inches
as compared to 0.0166 Inches measured by the LVDT's during test, and
compared to 0.0238 inches as measured optically during test. The diameter,
changes determined after testing were used to determine an equivalent
uniaxial creep and are compared to the equivalent uniaxial creep deter-
mined by the test measurements as shows in Table VIII.
Following OD dimensioning the capsule was transferred to a glove
box equipped with a recirculating argon purification system capable of
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Figure 87. Test Facility Showing Welded and Reworked T-111 .Alloy and Creep
Capsule Following 500.0 Hours Exposure to Refluxing Potassium at
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maintaining the atmosphere at less than 1 ppm oxygen and less than 1 ppm
water vapor. The capsule end cap containing the pressure transducer was
removed with a tubing cutter. The capsule was then wrapped with a heat-
ing tape to melt the potassium, and the potassium subsequently drained
from the capsule. Following removal of the potassium, the capsule end
cap containing the boiling nucleator was also removed with a tubing
cutter. The capsule was then cleaned of residual potassium by controlled
reaction with liquid ammonia followed by a final rinse in deionized water.
The cleaned capsule was sectioned longitudinally and the ID inspected.
A surface discoloration was observed in the liquid-vapor interface area
as can be seen in Figure 89.
B. CHEMICAL ANALYSIS
1. Capsule Wall Material
Posttest interstitial analyses of specimens removed from the wall of
Biaxial Creep Capsule II indicated some increases in the oxygen and carbon
concentrations as a result of the test exposure; the results are presented
in Figure 90. It is believed that the observed changes in concentration
result from the long-time vacuum exposure and are not a result of the
potassium exposure since the potassium was of high-purity as previously
described. Slight contamination of refractory metal systems operated for
5000 hours or more in ultra-high vacuum chambers is not uncommon even at
pressures in the 10 -8 - 10 '9 torr range. Since the condensing region of
the capsule was not shielded with tantalum foil, contamination from the
vacuum environment would be expected to be higher in this region. The
fact that the concentrations are lower in the condensing region than in
the liquid region suggests a transfer of interstitials by the refluxing
potassium from the condensing region to the liquid region. If the rate
of dissolution of these interstitials in the potassium is greater than
the contamination rate, lower concentrations could be obtained in the
condensing region.
The higher carbon and oxygen content in the liquid thin--wall section
as compared to the thick wall section in the liquid region is most likely
a volume consideration. The rate of absorption of an interstitial element
into the wall is based on surface area whereas chemical analyses are based
on weight. Therefore, for equal absorption rates, the rate of interstitial
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Figure 89. The ID Surface of Welded and Reworked T-111 Allov
Biaxial Creep Capsule II Following 5000 Hours
Exposure to Refluxing Potassium at 2200 O F (P70-4-2B)
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Figure 90. Posttest Chemical Analysis of T-111 Alloy Welded and Reworked
Biaxial Creep Capsule II.
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pickup will be greater the thinner the wall. This analysis considers
.f	 the effects of concentrations on diffusivity as not rate controlling.
Spectrographic analyses of the T-111 alloy capsule wall material
in the thin-walled gauge sections of the liquid and condensing regions
are presented in Table III, along with the analysis of the T-111 alloy
seamless tube(pretest) ° The spectrographic analyses show no significant
change from the pretest results nor any significant difference in results
in the liquid or vapor regions.
2.	 Potassium
Following removal of the potassium from the test capsule, analytical
samples were obtained by filling stainless steel tubes which were sub- 	 5
sequently sealed. The resulting oxygen analyses by the mercury amal-
gamation method indicated the oxygen concentrations to be 10 ppm. Metallic
impurities were determined after test by spectrographic analyses and
compared to pretest analyses. No major changes were observed as can be
seen from the results presented in Table X.
C. METALLOGRAPHIC EVALUATION
1. Light Microscopy
Representative samples were removed from the thin-walled liquid 	 V.
zone gauge section, the thick-walled liquid -vapor
 interface region and
	 ?'
the thin-walled vapor zone gauge section of Biaxial Creep Capsule II.
Metallographic examination of these representative samples indicated no
evidence of potassium corrosion. Photomicrographs of these samples show-:
ing ID surface are presented in Figure 91. The grain structure of the
T-111 alloy in the posttest condition was unchanged from the pretest
structure. Negligible grain growth was evidenced in each of the samples
and there was no indication of strain induced grain growth in the gauge
section where creep occurred.
Although no potassium corrosion or grain growth was observed, there
was a large amount of second phase precipitate noticed in the posttest 	 t
microstructure as can be seen in Figure 91. Further evidence of this
precipitate is shown in the liquid region gauge section in the as--polished 	 i
condition in Figure 92. The black spotty precipitate appears to be an
evenly distributed a__i coherent second phase appearing in grain boundaries. 	 }
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TABLE IX
SPECTROGRAPHIC ANALYSIS OF WELDED AND REWORKED
T-111 ALLOY BIAXIAL CREEP CAPSULE 11
COncentratxon, ppm*Element retes	 e qu	 Region vapor Region
Cb 150 145 145
Zr 550 650 580
Mo
- 60
54Cr < 10 < 10 < 10
Co <5 <5 C 5
Fe 40 24 < 20
V < 10 < 10 < 10
Si 35 32 26
Mn < 10 < 10 < 10
w 7.94% 8 .127, 8.0%
Hf 2.14% 1.937, 1.907,
*
Except as noted.
a	 ^	 .
t
a
,
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TABLE X
SPECTROGRAPHIC ANALYSIS OF POTASSIUM USED IN WELDED AND
REWORKED T-111 ALLOY BIAXIAL CREEP CAPSULE 11
t
Concentration, ppm
Element Pretest Posttest
Ag < 2 2
Al < 2 2
B <10 <30
Ba -	 10 < 30
Be < 10 < 2
Ca <2 <2
Cb < 10 < 10
-_C o < 2 < 2
Cr < 2 2
Cu <2 <2
Fe < 2 2
Mg <2 <2
Un <2 <2
Mo <2 <2
Na <2 <50
Ni <2 <2
Pb <2 <20
Si <2 <2
Sn <2 <10
Sr <2 <2
Ti < 2 < 10
V < 10 - -
Zr <2 <10
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Figure 91. Typical Microstructure of Welded and Reworked T-111 Alloy Biaxial Creep
Capsule II Following 5000 Hours Exposure to Refluxing Potassium at 2200°F.
Etchant : 309ml\'H4F, 50m1HNO 3 , 20mlH20
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Figure 92. As-Polished Sample Removed from Liquid Region
Gauge Section of Biaxial Creep Capsule II
Showing Evidence of Second Phase Precipitate.
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However, when the sample is etched (Figure 91) there appears to be an
additional grain boundary precipitate appearing as a white phase. As
wi 1 1 be discussed in the x-ray diffraction analysis section the white
phase was identified as HfO2 and the black spotty phase was unidentified.
Attempts to identify this precipitate by electron microscopy and electron
beam microprobe analyses, both to be discussed later, were unsuccessful.
The morphology of the precipitates changes from the liquid zone to the
condensing zone. There is more Hf02 in the grain boundaries and more of
the black spotty precipitate present in the hotter liquid zone than in
the cooler condensing zone. In addition, the less HfO2 present in the
grain boundaries the more of the black spotty precipitate appears in
the grain boundaries. It is felt that the presence of these precipitates
prohibited any time-at-temperature or strain induced grain growth. The
presence of this precipitate is believed to be consistent with the in-
crease in interstitial elements due to the bong-time vacuum exposures,
as discussed in the chemical analyses section, and not a result of
potassium exposure.
2. Microhardness Testing
Microhardness traverses were made on samples removed from the thin-
walled liquid zone gauge section and the thin--walled condensing zone gauge
section and compared with pretest data; the results are presented in
Table XI. The microhardness traverse data indicate negligible changes
across the walls of the samples removed from the liquid and condensing
zones. The minor fluctuations that do occur are a result of the hard-
ness indenter landing partially or completely in the second phase pre-
cipitates present. Ignoring these minor fluctuations the hardness values
are constant across the wails and similar in both the liquid and condensing
zones. The only noticeable change is a slight reduction in the hardness
of the posttest material as compared to the pretest material, which is
consistent with long time temperature exposures.
3. Electron Microscopy
In an attempt to identify the black spotty precipitate discussed
in the previous section, samples were removed from the thin-walled
liquid zone gauge section and the thick-walled liquid-vapor interface
region for replication and transmission electron microscopy (TEM)o Attempts
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TABLE XT
MICROHARDNESS DATA OBTAINED ON 0.020-INCH THICK WALL SECTIONS OF
T--111 ALLOY BIAXIAL CREEP CAPSULE II FOLLOWING
5000 HOURS OF TESTING
Distance from ID Across Hardness, DPH
Location	 the Wall, inches (100 g load)
Liquid Zone	 0.001 2hj
0.002 216
0.004 210
0.006 210
0.008 .213
0.010 208
0.012 208
0.014 205
0.016 205
0.018 213
Condensing Zone	 0.001 208
0.002 213
•	 0.004 208
0.006 210
0.008 205
0.010 202
0.012 202
0.014 205
0.016 202
0.018 202
As-Received	 - -	 236
i
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to obtain a thin foil suitable for electron diffraction were difficult
especially with a sample containing a large amount of precipitate, thus
an electron diffraction pattern was not obtained. Thin foils acceptable
for other TENT investigations were obtained however, and transmission
electron micrographs of the T-111 removed for Biaxial Creep Capsule 11
i are shown in Figure 93. These electron micrographs show the presence
of a second phase precipitate particle in the grain matrix of the T-111
as well as dislocation patterns and dislocation pile ups at grain boundaries.
a'
To further study the morphology of the precipitate plastic replications
=	 were made of the posttest T-111 alloy, Figure 94. The precipitate is shown
as a 
it
	 which actually represents the absence of the precipitate, which
was probably pulled-out during polishing and etching techniques. The
electron micrographs of the replications shown the globular precipitates
in ordered chain like patterns in grain boundaries, and random formation
4	 of the globular precipitates in the grain matrix.
D. X-RAY DIFFRACTION ANALYSIS
A sample was removed from the chin walled liquid zone gauge section
in an attempt to identify the second phase precipitates by x-ray diffraction
analysis. This sample was selected because it contained the greatest amount
of precipitate. The x-ray diffraction sample was prepared by bromine
extraction techniques. Upon analysis, the only phase identified was HfO2
which was assumed to be the white grain boundary precipitate and further
attempts at identifying the black spotty precipitate were unsuccessful.
E. ELECTRON BEAM MICROPROBE ANALYSES
i In a further attempt to identify the precipitates as discussed in
the Metallographic Evaluation section, samples from the thin-walled
liquid zone gauge section and from the thin-walled vapor zone gauge
-	 section were prepared for electron microprobe analysis. Microprobe
#	 analysis were performed on each of these samples to determine the
tantalum, tungsten, hafnium, potassium, carbon and oxygen concentration
profiles across the wall.
No major variations in the tantalum, tungsten, or hafnium concentra-
tions were observed and the oxygen, carbon, and potassium concentrations
were below the detection limit; (1000 ppm) .
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Figure 93. Transmission Electron Micrographs of Sample
Removed From Liquid Zone Gauge Section of
Welded and Reworked T-111 Alloy Biaxial Creep
Capsule Following 5000 Hours Exposure to
Refluxing Potassium at 22000F.
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Figure 94. Two-Stage Replication Electron Micrograph of
Sample Removed From Liquid Zone Gauge Section
of [fielded and Reworked T-111 Alloy Biaxial
Creep Capsule Following 5000 Hours Exposure
to Refluxing Potassium at 22001F.
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V. CONCLUSIONS AND RECOMMENDATIONS
The creep data obtained in this study indicates that the biaxial
and uniaxial creep properties of T-111 alloy can be compared using the
relationships developed by Soderberg (7) and Stallone (8) in the 1-270
creep ranges Other investigators (9110) have also determined that biaxial
and uniaxial creep properties of T-111 alloy can be compared at low strain
levels. It is, however ' recommended that additional. testing be performed
to evaluate the relationships between un1axial and biaxial creep at
higher strain levels (5 to 10%). In addition, agreement between the
biaxial and uniaxial properties of T-111 alloy does not necessarily
indicate that similar results would be obtained for other materials
having different compositions or different processing histories. It is
recommended that new materials also be evaluated in a manner similar to
the T-111 alloy if biaxial creep properties are considered to be impor-
tant. It was also observed that all of the creep data obtained is in
very good agreement with the data reported by Sheffler and Steigerwald(6)
when compared on a stress versus Larson-Miller parameter plot.
r
M a^
(7) Soderberg, C. R., "Interpretation of Creep Tests on Tubes," Trans.
ASME 63 2 737, November (1941).
($) Stal.lone, M. J., General Electric Company, Flight Propulsion Division,
Evendale, Ohio, Private Communication, September 7 (1967). The
r	 derivation of this equation is given In Appendix II.
(9) Maag, W. L. and Mattson, W. F., "Experimental Biaxial Creep Data for
Tantalum, Molybdenum, and Alloys T-111, TZM, and `1ZC, it NASA TN D-6149,
February 1971.
(10)Ferry, P. B., "Creep of T-111 Radioisotope Containment Vessels Under
Increasing Pressure," Topical Report No. 10, Al-AEC-12943, Contract
AT(29-2)-2338, July 3, 1970.
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1VI. APPENDIX I
ERROR ANALYSIS
An error analysis to determine the anticipated accuracy of the
creep data which was to be obtained from both the uniaxial and biaxial
creep tests on the T-111 alloy tubing was performed. This analysis
allowed a more realistic evaluation of any observed differences between
the uniaxial and biaxial creep properties of the T-111 alloy. It also
indicated which parameters contributed most significantly to the result-
ing creep data and, therefore, which parameter should be determined as
accurately as possible.
The actual uniaxial and biaxial test data are compared by comput-
ing effective or equivalent uniaxial stress-strain data from the bi-
axial test results based on the von Mises theory of yielding as applied
to pressurized tubes by C. R. Soderberg. (7) The basic assumptions of
the von Mises theory are isotropy and constancy of volume during strain-
ing in the material of interest. The equivalent uniaxial data computed
from the biaxial test results are then compared directly with the actual
'	 uniaxial test results. In this particular program, the effective stress
levels in both the uniaxial and biaxial tests were the same so that
r'	 strain was the only variable. The remaining two parameters of time and
temperature which are necessary for describing the creep properties of
a material were measured directly during both the uniaxial and biaxial
tests. Therefore, to obtain an accurate comparison of the uniaxial and
biaxial stress-strain data the tests were conducted at similar times
and temperatures.
PRECEDING PAGE BLANK NOT FTL,,IED
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The theoretical effective or equivalent uniaxial stress for the
biaxially stressed T-111 alloy test capsule was determined by the follow-
ing equation.
C'l3 (pp)
e _ 2 t
where,
a  = effective uniaxial stress for the biaxially stressed
test capsule
p = absolute internal pressure of capsule
r = mean capsule radius
t = capsule wall thickness in gauge section.
The derivation of this equation is given in Appendix 11.
The effective uniaxial strain for the biaxially strained capsule
can be computed using the equation; (8)
v 3 Ad	 2 f3 pr (l - 2)
e	 3r -	 3tE
where,
^e = effective uniaxial strain for the biaxially strained
x test capsule
Ad = change in capsule diameter in gauge section for some
interval of time
r W mean capsule radius
p = absolute internal pressure of capsule
= Poisson's Ratio for material, being tested
t = capsule wall thickness in gauge section
E = Young's modulus of elasticity for material being tested.
I	 "j
The stress-strain data for the uniaxial tests are determined quite
simply with the uniaxial stress- being determined from:
Q = F
A
where,	 ,
Cr = uniaxial. stress
F = total load
A = cross-sectional area of specimen in gauge length;
(5)
(6)
( 7)
I^
f
i
'r
Y
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and the uniaxial strain is determined from:
_ LPL
E	
L
where,
E -- uniaxial strain
AL = change in gauge length for some interval of time
L = gauge length.
Based on creep properties reported by TRW Equipment Laboratories(ll)
for T-111 alloy, a set of hypothetical test conditions were selected
'.^ for the biaxially stressed test capsule which were calculated to result i
in an equivalent uniaxial creep of one percent in 5000 hours.
	 These
conditions were utilized to calculate the anticipated error in the
stress -strain data determined in this program. 	 The hypothetical test
conditions and other necessary T-111 alloy property data along with
their respective anticipated errors are given in Table XII.	 Using the
data in Table XII
	
and equations 5, 6, 7, and S, the individual and f;;
T: combined effects of the various parameter errors on the accuracy of the
=i equivalent uniaxial and actual uniaxial stress-strain data were computed.
These effects are shown in Table XIZI. It is obvious from the data in All
Table XIIIthat the use of a pressure transducer on the test capsule to
determine the potassium vapor pressure (p) significantly reduces the =-
possible error in determining the equivalent uniaxial stress (c ) in thee
fs'
F°
capsule.	 Also accurate measurement of the capsule wall thickness (t) in
r the gauge section should be performed in an attempt to reduce the error
introduced by this measurement in the equivalent uniaxial-stress data.
The accuracy of the equivalent uniaxial strain (c e ) is greatly dependent
on the accuracy of the measured diameter change (Ad) during testing and,
therefore, the diameter change should be measured as accurately as
^
'.. possible.	 The error introduced by the cross-sectional area in determin-
ing the uniaxial stress (a) is caused by the small cross-sectional area
y
^= of the uniaxial test specimens combined with the accuracy of measuring
the area.
Sawyers J. C. and Steigerwald i E. A.a "Generation of Long Term Creep Data
4
of Refractory Alloys st Elevated Temperatures, NASA CR-1115 9 1970.
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TABLE XII
HYPOTHETICAL 'BEST CONDITIONS FQR
BIAXIALLY STRESSED CAPSULE(a
Symbol Parameter Mean Value Error
T Temperature 2215°F :'1%
1-14.3 psia(b)p Potassium Vapor Pressure 268.6 psia
±0.27 psis
r Mean Capsule Radius 0.660 in. ±0.001 in.
Zsd	 Capsule Diameter Change
in 5000 Hours 0.012 in. ±0.0015 in.
t Capsule Wall Thickness 0.020 in. 1-0.001 in.
JA Poisson's Ratio 0.35 tO.05
E Young's Modulus (2215°F) 18 x 106 psi 1-2 x 106 psi
F Total Load for Uniaxial Test 153.5 Ibs 1.0.1 lbs
A Cross-sectional Area of
2 2Uniaxial Test Specimen 0.020 in. 10.001 in.
L Gauge Length of Uniaxial
Test Specimen 0.200 in. -0.00005 in.
6 L Change in Gauge Length
in 5000 Hours 0.002 in. ±0.00005 in.
1
^r
(a) Selected to result in 1% uniaxial creep in 5000 hours.
(b) Error when determined as a function of temperature.
(c) Error when measured directly with pressure transducer.
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TABLE xIII
EFFECT OF PARAMETER ERRORS (a) ON ACCURACY
OF STRESS-STRAIN PROPERTIES
For Biaxial Test
Maximum Error, %
Parameter
p
r
t
Lyd
u
E
Total Effect
(b)	 W
0'e 	 ^e
	±5.31 (d) 9 ±0.10 (e) 	±0.1.9(4)9 ±0.00(e)
±-0.02	 ±0.09
±5.26	 ±0.19
±1.3.06
±0.09
±0.39
	
±11.00 (d) 9 ±5.50 (e) 	±14.20(d) I ±14.00(e)
For Uniaxial. Test
or )
	 (g)
	F
	
±0.06
	
A
	
±5.26
	
L
	
±0.03
	
6L	 -±2.50
Total Effect
	
±5,32	 -±2.53
(a) Given in Table 1.
(b) Calculated using equation (1). are
 (average) = 7676 psi.
(c)Calculated using equation (2) 9 r (averagi=) = 0.01 in./in.
e	 ..
(d) Based on pressure being determined from temperature.
t
(e)Based on pressure being determined from pressure transducer.	 i v
(f) Calculated using equation (3) 9
 ar ( average) = 7676 psi.
(g)Calculated using equation (4) 9 E (average) = 0.01 in. /in.':
a.
, x
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VII, APPENDIX II
CREEP IN PRESSURIZED THIN WALLED TUBES
Assuming temperatures and pressures are constant, the stresses for thin
walled tubes under internal pressure are:
o^ =r	 (1)
cr	 = 2 	 (2)
a = 0	 (3)
r
where
Cr -	 circumferential stress
CF	 - axial stress
x
Q =	 radial stress
r
p =	 internal pressure
r =	 mean radius
t -	 thickness of the wall.
The circumferential strain is
E a =	 E Qe	 +	 E 9c 	 (4)
where
E,e = elastic circumferential strain
E $c = plastic (creep) circumferential strain
Since
= f^	 (5)
where
6d = diameter change
d = diameter	 PREMINCr PAGE BLANK NOT FILMED
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Equation (4) becomes:
Ad = d (Fee + fec)
	
(6)
From Hooke's Law
cee = E {p e - ji x)	 (7)
where
E -- Young's Modulus
µ = Poisson's ratio
The plastic strains are calculated from von Mises (distortion energy)
criterion given by the stress relationship
a=	 (X - cr 2 + (U - a,r ) 2 + (arr - Q ) 2	 (g)e	 rx
Substituting equation (3) and reducing
Cr	 AF 2 + ay
z
 - 
QeCT	
(9)
for thin walled tubes.
Using a modification of Soderberg ' s formulations
eC -- C e c	 Q,$ - Crx + a'r
Q	 2
e
Substituting equation (3)
C ec - ^^c
	
Cr-	
Cr
	 (11)
e
where f ec - uniaxial creep strain at any time instant corresponding
to a uniaxial s tress equal to CTe .
Combining equations (6), (7) and (11)
CT
^d = d Qe ^ x 
+ sec 
(a9 - 2 x)	(12)E	 Cr
e
Substituting equations (1) and (2) into (12)
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r
k:^
(10)
7Pp _prt 2t ed +
pr)
-
E Q tt 4t
4t
e
bd = d pr	
1 
2 + 3 Eec
t	 E	 4 Fe
Since d - 2 r, equation (14) becomes
_ Lt^
Ld 
_ 2pr2	
1 2	 3 Eec
t	 E	 4	 C'
e
Solving for Eec
_ 
V-3 Ad 	 2/'3 pr (I - 2 )
E e c	 3r	 3tE
Combining equations (1), (2) and (9)
U	 E ° pr
e	 2	 t
(13)
(14)
(15)
(16)
i
	
163
1.	 Harrison, R. W., "The Compatibility of Biaxially Stressed D-43
Alloy With Refluxing Potassium," NASA Contractor Report NASA CR-807,
NASA Contract NAS 3-6012, June 1967.
.	 ' 2. Den Hartog, J. P., Advanced Strength of Materials, p. 166 0
 McGraw
Hill, New York (1952).
'r 3. Zimmerman, W.-F., "Turbine Materials Potassium Turboalternator
Programs' NASA Contract NAS 3-10933, Nuclear Systems Programs Dept.,
} General Electric Company, March (1968)
4. Beitch, L., Cook, W., and Holt, R., "Computer Program for Analysis
of Structures Made Up of Shells of Revolution (Multi Shell II),"
General Electric Company, AEG, Report No. R59FPD889, February 29
(1960) .
5. Ewing, C. T., Stone, J. P., Spann, J. R., Steinkull.er, E. W.,
k Williams, D. D., and Miller, R. R., "High -Temperature Properties
t of Potassium, }* September 24, 1965, NRL Report 6233, U. S. Naval
Research Laboratory.
6. Sheffler, K. D. and Steigerwald ., E. A., "Generation of Long-Time
Creep Data on Refractory Alloys at Elevated Temperatures," Fifteenth
Quarterly Report, NAS -CR-72431, NASA Contract NAS 3-9439, Period
December 14, 1967 to March 27, 1968, April 14 (1968).
7. Soderberg, C. R., ' t Interpretation of Creep Tests on Tubes," Trans.
A.S.M.E. 63, 737, November (1941).
8. Stallone, M. J., General Electric Company, Flight Propulsion Division,
Evendale, Ohio, Private Communication, September 7 (1967).
9. Maag, W. L. and Mattson, W. F., "Experimental Biaxial Creep Data
for Tantalum ., Molybdenum, and Alloys T-111, TZM, and TZC," NASA
TN D-6149, February 1971.
10. Ferry, P. B., "Creep of T-111 Radioisotope Containment Vessles
Under Increasing Pressure," Topical Report No. 10, AI-AEC-12943,
Contract AT(29-2)-2338, July 3, 1970.
11. Sawyer, J. C. and Steigerwald ., E. A., "Generation of Long Perm
Creep Data of Refractory Alloys at Elevated Temperatures,"
NASA CR-1115 1 1970.
NOT
1
1
165
